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Abstract 
 Derivatives of azulene, an unusual nonbenzenoid aromatic hydrocarbon featuring fused 
five- and seven-membered sp2 carbon rings, are of substantial current interest in the design of 
advanced functional materials such as organic electronics.  The overarching theme of this 
dissertation is the chemistry of new hybrid metal/azulene platforms featuring azulenic monolayer 
films anchored to the atomically flat metallic gold via isocyanide or thiolate junctions.  One of 
the key aspects of this work addresses the influence of the junction group’s nature on the 
formation, stability, reactivity, and physicochemical characteristics of azulenic self-assembled 
monolayer (SAM) films on the Au(111) surface.  Both isocyanide and thiolate “alligator clips” in 
these SAMs were shown to induce approximately upright orientation of the azulenic framework 
with respect to the gold surface.  The films’ properties were evaluated by various means 
including surface-enhanced infrared spectroscopy and optical ellipsometry. 
Of particular significance are the initial examples of molecular films involving all three 
possible linear biazulenic scaffolds.  These SAMs feature isocyanide junction groups and exhibit 
good stability toward ambient lighting and, in some cases, air atmosphere.  Characterization of 
certain isocyano- and mercaptoazulenic molecular films reported herein was greatly facilitated 
by incorporation of ancillary nitrile infrared spectroscopic reporters into the azulenic scaffold.  
Such an approach constitutes a novel strategy in the surface chemistry of organic thiols, to the 
best of the author’s knowledge.  In addition, the thesis describes, among other isocyanide/thiol 
competitive binding investigations, the first monolayer film displacement studies involving the 
RSH and RNC species with identical substituents R that underscore the higher affinity of the 
thiolate versus isocyanide junctions for metallic gold.  Accessibility of the new monolayer films 
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reported in this dissertation paves the way for future experimental validation of the theoretically 
predicted low resistivity of the linear 2,6-azulenic framework.  
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CHAPTER I 
I. Self-Assembly of Organic Isocyanides and Thiols on Metal Surfaces: Background, 
Methods, and Analytical Techniques 
Portions of this work have been published in: 
Barybin, M. V.; Meyers, J. J., Jr.; Neal, B. M. Renaissance of Isocyanoarenes as Ligands in 
Low-Valent Organometallic Chemistry.  In Isocyanide Chemistry: Applications in Synthesis and 
Material Science. Nenajdenko, V., Ed. Wiley-VCH: Weinheim, 2012, pp 493-529. (ISBN-10: 3-
527-33043-7). 
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I.1  Introduction: Background and experimental methods employed in this Thesis 
 Azulene is a blue, nonbenzenoid aromatic hydrocarbon isomer of naphthalene composed 
of edge sharing five- and seven-membered rings.  The electronic properties of the azulenic motif 
are intriguing due to its non-mirror related frontier molecular orbitals, intrinsic dipole, and 
narrow HOMO-LUMO gap, all of which make it attractive for applications in organic 
nanoelectronics. 
 This Thesis is focused on the formation, characterization, and properties of novel 
azulene-based molecular films on metallic gold.  To set the stage for the research discussed in 
the following Chapters, several relevant experimental methods and techniques are introduced 
herein.  These include optical ellipsometry and surface enhanced grazing angle infrared 
spectroscopy. 
I.1.1 Optical Ellipsometry 
 Ellipsometry is an optical technique that relies on changes in the polarization of plane-
polarized light impinged on a surface to assess certain properties of a thin film on that surface. 1-5  
Ellipsometric measurements provide important and accurate information regarding thickness of 
very thin films on surfaces.  The nondestructive nature of an ellipsometric experiment makes 
ellipsometry a powerful tool for self-assembled monolayer (SAM) characterization that offers 
angstrom level sensitivity to thickness heights when appropriate wavelength and intensity of the 
laser are used. 
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Figure I.1 - Schematic representation of a nulling ellipsometric experiment 
 Figure I.1 shows the basic schematic of a nulling ellipsometer. 2  The source laser is often 
a HeNe laser, which produces a nearly monochromatic light.  The light from the laser first passes 
through a polarizer, where it is linearly plane-polarized before entering the compensator.  In the 
compensator, the phases of the light are shifted with respect to one another. 1-4  For a typical, 
single-wavelength ellipsometer, a quarter-wave plate is used, which results in the two phases 
being 90° with respect to each other, thus causing the light to become elliptically polarized. 2  
The elliptically polarized light then hits and is reflected off the surface, thereby changing the 
polarization of the light further through interaction of the light with the material that the light 
was transmitted through at the interface.  Subsequently, the light enters an analyzer and passes 
through to the detector, often a photomultiplier tube.  At this point, the analyzer is rotated until a 
null, a minimum of the signal, is found.  By considering the alignments of the polarizer, the 
compensator, and the analyzer when the null is found, it is possible to calculate optical properties 
of the surface substrate. 3 
At the beginning of an ellipsometric experiment, it is important to determine optical 
properties of the substrate.  Of particular importance are its index of refraction, n, and its 
extinction coefficient, k.  These two parameters are related by the equation for the complex index 
of refraction, given by Equation 1, where i is an imaginary number. 4 
(!
!
Ñ = n –ik      (1) 
The index of refraction is defined as 
n = c/s       (2) 
where n is the index of refraction, c is the speed of light in a vacuum, and s is the speed of light 
in the particular medium of interest. 5  As evident, if the value of n is high, the speed of light in a 
particular medium is slow.  The extinction coefficient, k, measures exactly how quickly the 
intensity of the light decreases as the light passes through a material. 4  The absorption 
coefficient, ", can be related to k by 
" = (4&k)/'      (3) 
where ' is the wavelength of light in a vacuum. 
 
Figure I.2 – Schematic representation of the change in phase and amplitude in an ellipsometric 
experiment 
 Figure I.2 illustrates the basic principle of ellipsometry with respect to the changes 
experienced by the polarized light.  Once the elliptically polarized light reflects off the surface at 
)!
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an angle $, the two polarizations that make up the plane-polarized light become out of phase and 
amplitude, measured by ( and ), respectively. 5  By determining these changes, it is possible to 
obtain the values of n and k experimentally.  Once n and k, the optical constants, are determined, 
the thickness of a film on the surface can be calculated.  While such calculations can, in 
principle, be done by hand, they are usually automated by a computer.  Additionally, a good 
model of the structure of the film is necessary to calculate the thickness of the film on the 
surface. 
I.1.2 Surface-enhanced Infrared Spectroscopy 
While the premise is the same, Reflection Absorption Infrared Spectroscopy (RAIRS) has 
many acronyms such as RAIR, IRRS, IRRAS, FT-IRAS, RAS, GIR, IR-ERS, ERIR, and FT-
IRRAS. 6  The selection rules for infrared spectroscopy have been addressed in numerous 
literature sources. 6,7  In the case of SAM films and other species on surfaces, these rules must 
take into consideration additional factors, such as molecular orientation on the surface and 
polarization of the incident radiation.  For these systems, the intensity of the absorption will be 
proportional to the square of the product of  
Ej * µ’ = |E| |µ’| cos $      (4) 
where $ is the angle between µ’, the direction of the dipole of the vibration, and E, the vector of 
the incident radiation. 6  Thus, the polarized component of the incident radiation that is properly 
aligned with the dipole of the vibration will result in a much greater observed signal than that 
arising from a non-aligned polarized component.  This phenomenon, illustrated in Figure 3, is 
behind the surface IR selection rules on metal surfaces. 
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Figure I.3 - The incident radiation, Ei, featuring two polarizations.  The parallel and 
perpendicular (with respect to the surface) components both reach the surface but only the 
parallel component enhances the dipole on the surface. 
As shown in Figure I.3, it is, therefore, possible to distinguish between the parallel and 
perpendicular orientations of a dipole on the surface.  If the dipole is parallel, the metal will form 
a image dipole in the metal at the interface, thereby effectively decreasing the expected signal.  If 
the dipole is perpendicular, the formed image in the metal will be additive and the observed 
signal will be amplified, as shown in Figure I.4. 6  This phenomenon has been used extensively 
to study SAMs of organic isocyanides adsorbed on metal surfaces to determine their molecular 
orientations, as summarized in Table I.1 found later in this Chapter. 
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Figure I.4 - The dipole, and its corresponding image formed in the metal at the interface.  Left: 
The dipole’s signal is effectively canceled by its image in the metal.  Right: The dipole’s signal 
is enhanced by its image in the metal. 6 
I.1.3   Au(111) substrates and methods for preparation thereof 
 Many of the experiments described herein involved Au(111) substrates.  The term 
Au(111) denotes the (111) face, a particular packing slice, or plane, of gold’s crystalline lattice.  
It is ideal to use substrates that have a single crystal face so that coordination of the ligands may 
be understood with respect to a particular orientation defined by the available adsorption sites.  
Single crystalline gold adopts a face-centered cubic crystal structure. 8  The Miller indeces 
indicate where the plane of the surface will intercept on the x-, y- and z- coordinates of the unit 
cell 9, as illustrated in Figure 5. 
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Figure I.5 - Representation of the (111) plane in an fcc crystal 9. 
As shown in Figure I.5, the fcc crystal packing structure can be sliced by a plane to include the 
(100), (010), and (001) positions, shown as the three atoms in shown in the corners of the cube, 
points in the unit cell.  This is the (111) plane exhibited by single crystalline gold depicted in 
Figure I.5. 
 While there are a variety of methods to prepare Au(111) substrates, the samples used in 
the experiments reported in this Thesis were obtained by vapor deposition techniques, either on 
freshly cleaved mica or on silicon substrates coated with an adhesion layer of titanium metal 
prior to gold coating.  The vapor deposition of gold on mica is a well-understood process that has 
been employed throughout the literature. 10-12  Simply put, pure gold wire is placed in an 
evaporator much like the one shown in Figure 6. 
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Figure I.6 - Edwards Rotary Evaporator used for coating substrates 
The chamber pressure is reduced to very low pressures, such as 1.0 x 10-7 torr, while the chamber 
is being heated.  Once sufficiently low vacuum and adequately high temperatures are achieved, a 
current is run through the gold wire which begins melting and quickly vaporizes.  The gaseous 
gold is then deposited onto the substrate until the desired thickness is reached, as measured by a 
the change in resonance frequency of the quartz crystal due to the mass change in a quartz crystal 
microbalance.  In the case of silicon substrates, a similar process is used to deposit a coating of 
gold onto films of titanium previously coated on the silicon.  The titanium adhesion layer is 
necessary for proper formation of gold-coated silicon substrates because gold coated directly 
onto silicon results in poor adhesion of the gold, which is prone to flaking of the gold off the 
silicon.  
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I.2 Self-Assembled Monolayer Films of Nonbenzenoid Isocyano- and Diisocyanoarenes 
on Gold Surfaces 
This section constitutes excerpts from a book chapter recently co-authored by the author 
of the Thesis: Barybin, M. V.; Meyers, J. J., Jr.; Neal, B. M.  Renaissance of Isocyanoarenes as 
Ligands in Low-Valent Organometallic Chemistry. In Isocyanide Chemistry: Applications in 
Synthesis and Material Science. Nenajdenko, V., Ed. Wiley-VCH: Weinheim, 2012, pp 493-529. 
(ISBN-10: 3-527-33043-7). It provides a brief introduction to the investigations of self-
assembled monolayers formed from these interesting new systems.!
Chemisorption of isocyanoarenes on metal surfaces to yield the corresponding self-
assembled monolayer (SAM) films provides valuable initial platforms for a variety of potential 
nanotechnological applications, including organic electronics. 13-20  A recent review by Angelici 
and Lasar 21 gives a detailed account of adsorption of organic isocyanides on gold, silver, copper, 
platinum, palladium, nickel, rhodium, and chromium metal surfaces. 21  Adsorption of 
isocyanides on various gold surfaces, including Au(111) films, gold powder, and gold 
nanoparticles, is of particular practical interest due to the oxidative stability of gold in ambient 
atmosphere.  A large body of experimental and theoretical studies indicates that organic 
isocyanides adsorb on gold in the terminal upright (!1) fashion with only the isocyanide carbon 
atom interacting with the surface.21  Upon adsorption of a benzenoid isocyanide molecule to a 
gold surface, the energy of the "NC band shifts to higher energy, typically by 50 – 80 cm-1, 
compared to that of free isocyanide, seen in Table 1 vide infra. 22  This is a consequence of the 
isocyanide carbon’s lone pair, which interacts with Au, being somewhat antibonding with respect 
to the C#NR $-bond.   
Self-assembly of many benzenoid isocyanoarenes on gold surfaces requires sample 
handling and storage under inert atmosphere to avoid marked deterioration of the isocyanide 
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groups to isocyanates, RN=C=O, which give a characteristic stretching band at around 2270 cm-1 
in their infrared spectra. 10, 12  Polydentate isocyanoarenes that can adsorb to the gold surface via 
multiple isocyanide junctions constitute a notable exception in this regard.  For example, SAMs 
of tetraisocyano-meta-cyclophane (TIMC), the structure of which is shown in Figure 1, exhibit 
enhanced kinetic stability toward gold-promoted oxidation.  The reflection-absorption IR spectra 
of the SAMs of this tetraisocyanide, which are prepared and stored in air without exclusion of 
ambient lighting, indicate the absorption of TIMC to the Au(111) surface via all four of its 
isocyanide groups (Figure I.7) and lack any features that could be attributed to isocyanate 
formation. 23 
 
 
Figure I.7 - (a) Structure of TIMC.  (b) IR spectrum of TIMC in CH2Cl2 solution (bottom) and 
reflection-absorption IR spectrum of a SAM film of TIMC on Au(111). 23 
 
 
With the exception of isocyanoferrocene, all isocyanoarenes known until the early 2000’s 
possessed benzenoid aryl substituents. 24  Recently, we have established a new class of 
isocyanoarenes incorporating the nonbenzenoid aromatic system of azulene. 24  Azulene is an 
unusual hydrocarbon composed of fused 5- and 7-membered rings (Figure I.8).  Figure I.9 shows 
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isocyanoazulene compounds, together with their corresponding abbreviations, reported by our 
group to date. 25-29  Given the polar nature of the azulenic scaffold (Figure I.8), these species can 
be considered stable derivatives of the hypothetical isocyanocyclopentadienide anion or 
isocyanotropylium cation. 24  The isocyanoazulenes in Figure I.9 are all crystalline substances 
that exhibit good thermal stability (except CN6Az and CN2AzCN) and can be considered air-
stable for practical purposes. 
 
Figure I.8 - The resonance forms of azulene emphasizing the polar nature and numbering scheme 
of the azulenic scaffold. 24 
 
 
Figure I.9 - Structures and the corresponding abbreviations of the isocyanoazulene 
derivatives known to date. 30 
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As shown in Figure I.10a, the frontier molecular orbitals of azulene have complementary 
density distributions, so the general reactivity profile of the azulenic scaffold is governed by the 
rules summarized in Figure I.10b.  Notably, preparation of 2-substituted azulenes almost always 
requires having an appropriate substituent in place before closing the azulenic ring due to the 
quite unreactive nature of the C-H bond at the 2-position of the azulenic framework.  The 
“parent” isocyanoazulenes CN1Az, CN4Az, CN6Az, as well as the di-t-butyl derivative 
CN5AztBu, can all be accessed regioselectively from azulene itself. 24, 26 
 
 
Figure I.10 - (a) Lowest unoccupied molecular orbital (LUMO) and highest occupied molecular 
orbital (HOMO) of azulene.  (b) Sites of nucleophilic (Nu:) and electrophilic (E+) attacks of the 
azulenic scaffold as general strategies for its functionalization.  Adapted with permission from 
Ref. 24. 
The isocyanoazulenes CN2Az, CN2AzCN, CN2AzCO2Et, CN6Az, CN6AzCO2Et, 2-FA-6-IA, 
2,6-DIA, both isomers of (OC)5Cr(!1-2,6-DIA), and 2,2’-DIBA formed well-defined SAM films 
on the Au(111) surface. 11, 28, 29  These films were prepared without precautions to exclude air 
and ambient lighting.  The grazing angle reflection absorption IR spectra of these films, along 
with ellipsometric film thickness measurements, suggest approximately terminal upright 
coordination of the molecules in all of these SAMs (Table I.1).  
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Table I.1 - Infrared vibrational data for selected isocyanoarenes before and after adsorption on 
gold surfaces 
Molecule !NC of free 
isocyanoarene, 
cm-1 
!NC of surface 
bound 
isocyanide, 
cm-1 
!XY of 
ancillary 
reporter, cm-
1 
Observed 
(Theoretical) 
thickness, Å 
Reference 
DIB 2125 2181  2120 
(isocyanide) 
10 (10.3) 22 
DIB 2127 2170 2122 
(isocyanide) 
Not reported  20 
DIB 2129 2172 2121 
(isocyanide) 
12.7 (10.3) 12 
DIBP 2126 2121 2191 
(isocyanide) 
14 (14.6) 22 
DIBP 2127 2121 2190 
(isocyanide) 
13.9 (14.7) 12 
TIMC 2119 2175 - 5.8±5 (6.4) 23 
CN2Az 2127 2174 - Not reported 11 
CN6Az 2117 2176 - Not reported 11 
CN6AzBr 2115 2179 - Not reported 11 
2-FA-6-IA 2116 2170 - Not reported 11 
CN2AzCO2Et 2127 2169 - 8±1 (10.5) 11 
CN6AzCO2Et 2115 2178 - 11±3 (12.5) 11 
2,6-DIA 2116, 2125 2163 2117 
(isocyanide) 
14±1 (12.5) 11 
2,2’-DIBA 2130  2170 2119 
(isocyanide) 
20.5±2.4 (19.1) 28 
CN2AzCN 2114 2156 2214 (nitrile) 11.7±0.6 (10.7) 29 
DIF 2118 2181 - 14.1 (8.8) 31, 32 
 
See Figures 7, 9,11 for structures corresponding to the abbreviations.  DIB = 1,4-
diisocyanobenzene, DIBP = 4,4’-diisocyanobiphenyl.  
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The IR solution spectrum of the (OC)5Cr(!1-2,6-DIA) isomer shown in Figure I.11a 
features four IR-active bands in "NC and "CO stretching regions. 11, 24  The "NC bands at 2115 and 
2135 cm-1 correspond to the free isocyanide terminus and the Cr-bound isocyanide group, 
respectively (Figure I.11b).  The other two more intense bands at 2043 and 1962 cm-1 are due to 
"CO(A1) and "CO(E) vibrations associated with the [Cr(CO)5] moiety.  Upon SAM film formation 
on Au(111), the band at 2115 cm-1 moves to 2174 cm-1, thereby indicating coordination of the 
free isocyanide group of (OC)5Cr(!1-2,6-DIA) to the gold surface (Figure 11c).  In addition, the 
relative intensities of the "CO(A1) and "CO(E) bands change dramatically compared to the 
solution spectrum, which suggests approximately parallel orientation of the equatorial carbonyl 
ligands to the metal surface and, thus, upright coordination of the entire molecule on the surface.  
The measured ellipsometric thickness of the SAM of this (OC)5Cr(!1-2,6-DIA) complex on 
Au(111) is 18(2) Å, which is practically identical to the expected thickness value of 17 Å for the 
perfectly upright orientation on the gold surface. 
 
 
Figure I.11 – (a) IR spectrum of the mononuclear complex [(OC)5Cr](eta1-2,6-DIA) in CH2Cl2 
solution (the [(OC)5Cr] fragment is bound to the 2-isocyanide terminus of 2,6-DIA); (b) 
Reflection-absorption IR spectrum of [(OC)5Cr](eta1-2,6-DIA) absorbed on Au(111).24 
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Comparison of the reflection-absorption IR spectra for the SAMs of 2,6-DIA with those 
for the SAMs of CN2AzCO2Et and CN6AzCO2Et on Au(111) suggests that the diisocyanoazulene 
2,6-DIA preferentially binds to the gold surface via its 2-isocyano group, which is a slightly 
better electron donor than the 6-isocyano terminus (Table I.1) 11.  SAM films of the 
diisocyanobiazulene 2,2’-DIBA also feature terminal upright coordination of this nearly 2 nm 
long molecule 28 (please, see Chapter 2 for further discussion).  These SAM films of 2,6-DIA 
and 2,2’-DIBA pave the way for the opportunity to probe the conductivity properties of linear 
molecular wires based on the 2,6-azulenic scaffold. 
Finally, Siemeling et al. reported that DIF forms well-ordered SAM films on Au(111) 
and coordinates via both of its isocyanide groups to the metal surface.  The "NC value of 2118 
cm-1 blue shifts to 2181 cm-1 upon adsorption.  In addition, the dipodal adsorption mode of DIF 
Au(111) was indicated by X-ray photoelectron spectroscopy measurements which showed single 
N(1s) emission 31, 32.   
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CHAPTER II 
II. Self-assembled Monolayer Films of Biazulenyl Isocyanides 
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II.1 Introduction 
As the quest for miniaturizing electronics continues to gain momentum, new 
materials are critical for driving progress in this field.  In 1974, Aviram and Ratner 
described the use of organic molecules as rectifiers. 1  Since then, there has been a 
considerable effort invested in the design of molecular wires, diodes, fuses, switches and 
resists, as will be discussed herein.  In particular, conjugated organic linkers have been 
explored as molecular wires for bridging electron domains.  Molecular systems include at 
least three parts as seen in Figure 1 below: 2 junction regions between the molecule and 
the contacts and the central region of the molecule itself.  The nature of the junction 
group used to chemisorb organic molecules to a metal has a profound effect on the 
conductivity characteristics of the corresponding molecular films as will be illuminated 
vide infra.  The thiolate group has been, by far, the most studied junction unit.  While a 
number of excellent reviews on various aspects of the thiol chemistry in the context of 
molecular films available 2, the surface chemistry of organic isocyanides has been 
explored to lesser extent.  For a discussion comparing the two junction groups, please see 
the Introduction section to Chapter 4.  This Introduction will focus mainly on the 
chemistry of isocyanide molecules on surfaces. 
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Figure II. 1 - Conductance of an electron through a molecular junction has many 
interfaces.  A - Between the junction and the probe.  B – Through the molecule.  C – 
Between the junction group of the molecule and the surface. 
Despite the fact that a reasonable consensus among researchers regarding binding 
modes of organic isocyanides on various metal surfaces has been achieved over the past 
15 years, experimental differentiation between some of the suggested modes is, indeed, 
challenging.  Figure 2 illustrates a few of the suggested interactions of isocyanides with 
metallic surfaces.  A thorough review on this topic that systematically addresses 
isocyanide films on specific metal surfaces has been recently published by Angelici. 3  
Additionally, self-assembly of organic isocyanides on metal surfaces, as well as 
physicochemical properties of the resulting thin films, has been subject of several 
reviews. 4-6 
 
Figure II. 2 – Possible geometries for isocyanide coordination.  Adapted from Ref. 3. 
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The following sections provide an overview of recent advances in the field with 
the primary focus on self-assembled monolayer (SAM) films of isocyanoarenes on gold 
relevant to potential applications in molecular electronics.  First, packing and orientation 
of isocyanoarene molecules in the corresponding monolayers will be discussed.  Second, 
several aspects of molecular conductance of isocyanoarenes, as determined by a variety 
of the state-of-the-art techniques, will be explored and compared.  Last, first principle 
studies toward the applications and uses of isocyanoarenes in the molecular electronics 
will be discussed. 
II.1.1. Packing and orientation 
 
Figure II. 3 - OPE-NC 
The packing and orientation of molecular films are of critical importance for use 
in electronics applications and these SAM characteristics have been subject of much 
research.  Numerous examples of both alkyl and aryl isocyanide SAM films on gold 
surfaces have been described.  For example, Allara and coworkers studied adsorption of 
4,4!-di(phenylene-ethynylene)benzene (Figure II.3),  a member of the family of OPE 
molecules, on Au(111) surfaces. 7  By monitoring the position of the NC stretching band 
in the infrared reflection spectra of the resulting SAM films under various conditions, the 
nature and stability of the gold-isocyanide bond was elucidated.  A substantial blue shift 
of the N!C stretching band upon coordination of the isocyanide molecules to the gold 
surface indicated primarily "-donor function of the isocyanide junction group.  Based on 
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the surface infrared spectroscopy selection rules and a quantitative analysis, an upright 
orientation of the isocyanoarene molecules with respect to the metal surface was 
suggested.  X-ray photoelectron spectroscopic measurements, in conjunction with RAIR 
experiments, indicated oxidation of the bound isocyanide junction to isocyanate, N=C=O, 
upon exposure of the monolayer film to both ambient air atmosphere and to ozone.  In 
another experiment involving OPE-NC adsorbed on Au(111), the initial measurable 
growth of the IR band signifying oxidation of the isocyanide junction to isocyanate took 
approximately one hour. 8  A complete oxidation occurred when the films were exposed 
to ambient laboratory atmosphere for six days. 
 
Figure II. 4. – From top to bottom: the structures of PDI, BPDI, and TPDI. 
For the SAM films containing linear diisocyanoarenes, the oxidation process 
appears to involve the free, non-coordinating isocyanide group.  Swanson et al. described 
monolayers of polyphenylene diisocyanides, shown in Figure 4, and their adsorption to 
Au(111) surfaces.  Using reflection absorption infrared spectroscopy and grazing-angle 
attenuated total reflection IR, three signals in the region 2100 -2300 cm-1 were observed 
in that study.  The lowest energy band at ca. 2120 cm-1 was attributed to a non-
coordinating isocyanide group, the middle peak at ca. 2170 cm-1 was assigned to a 
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surface-bound isocyanide, and the highest energy band at ca. 2270 cm-1 was thought to 
arise due to oxidation of non-coordinating isocyanide groups. 
The coordination of 4-methylphenyl isocyanide (MPI) to form its films on 
Au(111) and Cu(111) in ultra-high vacuum (UHV) conditions was studied and compared 
via temperature-programmed desorption (TPD), time-of-flight (TOF) mass spectroscopy, 
and X-ray and ultraviolet photoelectron spectroscopies (XPS and UPS). 9  TPD gave 
direct evidence of two different chemisorbed structures on the Au surface giving rise to 
peaks in the TPD spectrum at 305 and 375 K.  As depicted in Figure II.5, two structures 
were proposed based on the TPD, XPS, and computational data: one with binding via an 
atop site (the 305 K peak), while the other featuring a slightly tilted binding to a 3-fold 
hollow site, seen in Figure II.5 (a).  In contrast, the data for monolayer films on Cu(111) 
indicated the isocyanide nitrogen being sp2-hybridized in nature and the molecule bonded 
via a bent atop or a bridge, as shown in (b) in Figure II.5 
 
Figure II. 5 - Possible binding geometries of MPI: on (1) atop site on Au(111), (2) three-
fold hollow site on Au(111), (3) double atop on Cu(111), and (4) double bridge on 
Cu(111). 
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At low coverages (~0.004 ML), the molecules of PDI were observed to orient 
approximately parallel to the Au(111) surface.  At such low coverage, IR spectroscopy 
was not instructive as there are not enough molecules to observe the !(CN) signal.  
Instead, scanning tunneling microscopy (STM) was employed to observe one-
dimensional structures of the PDI films.  Theoretical assessment of various possible 
arrangements of PDI on the gold surface indicated that the features observed by STM 
comprise chains consisting of alternating PDI-Au-PDI units. 10  In a subsequent work, 
Tysoe et al. deposited PDI onto a gold substrate and then heated the resulting sample to 
400 K in vacuo to afford well-packed, one-dimensional Au-PDI oligomers similar to 
those in their previous findings, as imaged by STM. 11  A Density Functional Theory, 
DFT, analysis suggested the gold atoms of the oligomers were located in three-fold 
hollow sites, with the aromatic rings being parallel to and 3.6 Å above the gold surface 
with a isocyano-gold bond distance of 2.00 Å.  Upon increasing coverage, RAIR spectra 
of the PDI monolayers were recorded to reveal a single !CN stretching band at 2137 cm-
1.  These PDI-saturated surfaces were exposed to 10 L of carbon monoxide at 90 K.  
RAIRS of the resulting samples indicated that the CO molecules were bound to the 
surface in an upright coordination, a phenomenon that does not occur for Au(111) above 
80 K.  The adsorbed CO was stable on the surface up to 150 K and desorbed completely 
at 180 K. 11 
The packing of isocyanoarene films on Au(111) has been the subject of several 
theoretical investigations.  DFT calculations suggested that the most energetically 
favorable packing of PDI on gold involves a 2"3Å x "3Å unit cell as opposed to a "3Å x 
"3Å unit cell, thereby minimizing intermolecular repulsion while retaining a strong NC-
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Au bond. 12  Computational comparison of the energetics of various binding modes of 
isocyanide junction groups to gold surfaces indicated that the most favorable binding 
scenario would involve an adatom site, then, isoenergetic bridging and fcc sites, and, 
finally, an atop site.  This finding implies that the LGA and GGA calculations 
overestimated the d!"p!* backbonding contribution to the Au-CNR bonding as this is 
not the result seen experimentally.  Additionally as the tilt angle of the isocyanide is 
increased from the surface normal, the #CN stretching frequency for the bound 
isocyanide was found to be very similar to the unbound isocyanide’s #CN stretching 
frequency.  Computational studies of CH3NC adsorbed on Au(111) suggested that the 
atop site was the only viable adsorption position. 13 
Sum frequency generation (SFG) spectroscopy, computations, and vibrational 
spectroscopy provided insight into the nature of the metal-isocyanide bond as well as 
molecular orientation for PDI and MPI adsorbed on Au, Pt, Ag, and Pd surfaces.  It was 
determined the isocyanides bind to the Au, Pt, and Ag at atop sites while adsorbing to 
bridging sites on Pd.  The tilt angle of the adsorbed molecules on the metal surfaces was 
shown to increase in the order of Pt, Pd, Ag, and Au. 14 
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Figure II. 6 - Various isocyanoazulenes that have been shown to coordinate to the 
Au(111) surface.  Adapted from Ref. 6. 
In contrast to Tysoe’s work, various derivatives of isocyanoazulenes and 
diisocyanoazulenes 15-17 have formed monolayers that orient in an upright fashion, akin to 
previously reported SAMs of PDI and OPE.  In the case of 2,6-diisocyano-1,3-
diethoxycarbonylazulene, only one isocyanide binds to the surface, likely the isocyanide 
group attached to the five-membered ring (the 2 position) of the azulenic framework, as 
seen in Figure II.7 (15).   
 
Figure II. 7 - a) Structure of 2,6-diisocyano-1,3-diethoxycarbonylazulene. b) IR 
spectra of (A) the azulene in solution and (B) when coordinated to the Au(111) surface.  
Adapted from Ref. 15. 
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Further proof of an upright orientation of the linear 2,6-diisocyanoazulene 
scaffold on the Au(111) surface was obtained through the formation of SAMs of the 
diisocyanoazulene motif having either of its isocyanide termini capped with a 16-electron 
[Cr(CO)5] unit.  The SAM films prepared from either of the two (OC)5Cr(2,6-diisocyano-
1,3-diethoxycarbonylazulene) isomers were conveniently characterized by RAIRS in 
!NC and !CO regions.  Importantly, in addition to the NC infrared reporters, the relative 
intensities of the carbonyl stretching bands provided qualitative information regarding 
molecular orientation in the above organometallic SAM films.  Unlike the previously 
described PDI or OPE films on gold, the 2,6-diisocyanoazulene-based monolayers 
remarkably proved to be reasonably air-stable with no signs of oxidation of either the 
bound or free isocyanide groups documented upon storage of the samples in ambient 
atmosphere for several days. 
III.1.2. Molecular conductance 
A number of important considerations need to be taken into account when 
investigating conductance through molecular systems.  First, there are a variety of modes 
of electron transport from one electrode to another, which are dependent not only on the 
nature of the molecular backbone of the linker, but also the length of the molecule (vide 
infra).  Second, the alignment of the Fermi level of the metal with the Frontier Molecular 
Orbitals (FMOs) of the linker is critical for establishing good conductivity.  Third, 
differences in the analytical method(s) of measuring the conductance should be 
considered, especially before making direct comparisons of results obtained using 
different techniques.  Several excellent reviews covering the analytical techniques 
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suitable for conductivity studies 19-21, as well as the current theory of molecular 
conductance 22-24 are available.  These topics will be discussed herein briefly in the 
context of isocyanide chemistry. 
Aspects of the conductance of aromatic isocyanides have been explored in a 
variety of ways, such as using nanoporous devices 25, scanning tunneling microscopy 
(STM) 4, metal-molecule-metal sandwich devices 26,27, STM break junction 28, and 
conductive probe atomic force microscopy (CP-AFM). 29  This section will summarize 
basic molecular conductance theory as well as the associated principles and techniques 
relevant to recent advances in the chemistry of isocyanoarenes adsorbed mainly on 
Au(111) surfaces. 
An early scanning tunneling microscopy (STM) study of the SAM films on 
Au(111), that involved polyphenylene molecules terminated with thiol or isocyanide 
groups at one or both ends, compared the Fermi level to the HOMO energies of the 
corresponding molecules. 4  As the mechanism for charge transfer within thiol-based 
systems had been studied extensively at the time of publication, a model assuming the 
Fermi energy level being closer to the HOMO of the thiol and dithiol molecules was 
considered.  The same assumption was used for the related isocyanide-containing 
systems.  The observed trend for the Fermi-HOMO energy difference was as expected for 
the thiol systems.  Indeed, as the number of aromatic rings increased, the offset between 
the two levels decreased.  However, the offset rose in the case of the analogous 
isocyanide systems upon increasing the number of phenylene rings in their structure.  
This increase in offset was explained in terms of donation of electron charge of the 
!"#
#
isocyanide into the metal surface.  As the number of phenylene rings increases, the 
effective electronic donation increases thus creating a partial positive charge within the 
organic molecule, which in turn lowers its HOMO energy.  This moves the HOMO level 
away from the Fermi energy level, thereby widening the offset.  The !(CN) of the 
coordinated isocyanide junction in the isocyano- and diisocyanoarene monolayers on 
metallic gold clearly increases upon insertion of additional phenylene rings (Table 2.1), 
thus supporting the above electron donation argument. 
Table II.1 - Infrared stretching frequencies of isocyanide groups of free molecules (KBR 
pellet sample) and bound to Au surface.  Adapted from Ref. 4. 
Molecule !(CN) of free molecule !(CN) when bound to Au 
PMI 2126 cm-1 2140 cm-1 
BPMI 2127 cm-1 2150 cm-1 
TPMI 2128 cm-1 2155 cm-1 
PDI 2120 cm-1 2181 cm-1 
BPDI 2121 cm-1 2191 cm-1 
TPDI 2121 cm-1 2194 cm-1 
 
In performing calculations for PDI on Au(111) surfaces using a combination of 
GW (G is Green’s function, W is the screened Coulomb interaction), both quasi-particle 
corrections and surface screening were found to be important to obtain estimates of the 
energy level of the molecule and energy of the surface that were sensible. 32  The 
calculations found a large barrier for electron transport between the Fermi level and the 
LUMO of the PDI, which DFT did not predict. 33  As such, it was concluded that PDI 
SAMs may not be the most effective system for electron transport. 
The electron transport properties of various isocyanide molecules between two 
metal junctions have been explored using a variety of techniques.  Bennet et al. fabricated 
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a system with the PDI linking two metal (gold or platinum) contacts. 22  One of the 
isocyanide termini served as a chemisorbed contact.  The other isocyanide junction was 
engaged with the metal evaporated onto the monolayer.  This design provided a closed 
circuit for measured conductivity and assessing transport mechanism.  Upon changing the 
direction of the bias, injecting electrons from the chemisorbed contact or from the 
evaporated contact, and changing the extent of bias (low or high), different conduction 
mechanisms were probed between the different metal contacts, as summarized in Table 
II.2. 
Table II.2 - Barriers and conduction mechanisms from Ref. 22. 
Metal contact Au Pd 
Chemisorbed 0.35 eV, thermionic 0.22 eV, thermionic 
(0.19 eV, hopping at low bias) 
Evaporated 0.38 eV, thermionic 
(0.3 eV, hopping at low bias) 
0.21 eV, hopping 
 
Simultaneously measuring the conductivity of PDI between two Au electrodes 
and using surface enhanced Raman spectroscopy (SERS) allowed recording current-
voltage (I-V) curves while monitoring the isocyanide stretching frequency. 27  Notably, 
the device underwent damage if the applied voltage exceeded 0.5 V.  The I-V curves 
obtained in this study were similar to those documented in previous reports 25, 26, 34 for 
PDI systems and featured symmetric, nonlinear shapes.  According to the SERS data, the 
isocyanide stretching frequency did not change when the voltage was swept in the range 
of 0.5 V to -0.5 V.   
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  Figure II. 8 - Molecular wires 
A series of redox-active conjugated molecular wires made of ruthenium(II) 
bis(sigma-arylacetylide) units, Figure 8, capped with isocyanides were analyzed for their 
conductivity properties. 39  The series ranged from having one to three ruthenium(II) 
centers and formed self-assembled monolayers on Au substrates.  These films were 
characterized using ellipsometry, X-ray photoelectron spectroscopy, reflection-absorption 
infrared spectroscopy, and cyclic voltammetry.  Using conductive probe atomic force 
microscopy, the resistance versus molecular length was calculated and found to be low 
compared to other conjugated organic molecular wires.  When studied at low 
temperatures, the two shorter wires were shown to exhibit direct tunneling behavior, 
whereas the longer R3 wire was observed to exhibit Coulombic blockade behavior.  The 
varying lengths of the molecule explained this difference in conductivity, where R3 (4.9 
nm) was too long for direct tunneling. 
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II.2 Work Described in Chapter II 
This chapter discusses the formation and studies of SAM films of all biazulenyl 
isocyanides developed in our laboratories to date.  In addition to detailed 
physicochemical analysis of these monolayer films, their stability in various 
environments is addressed.  Future directions of this research are outlined at the 
conclusion of the chapter. 
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II.3 Experimental Section 
II.3.1. General Procedures and Starting Materials 
 The biazulenes used in these studies were prepared as described by various 
Barybin group researchers.  Preparations of 1 may be found in Barybin, M.V., et al., 
Journal of the American Chemical Society, 2010, 135, 15924-15926 18, 2 and 3 in Dr. 
David McGinnis’ Thesis 40, and 4 in unpublished work Toshinori Nakakita, T., Meyers, J. 
J., Jr., Barybin, M.V. Unpublished work.  The chemical structures of these compounds 
may be seen in Figure II.9. 
Gold-coated mica substrates were either purchased from Platypus Technologies or 
were fabricated in the Berrie lab using an Edwards Auto 306 rotary evaporator.  “House” 
Au(111) was deposited on freshly cleaved sheets of mica under a vacuum pressure of ca. 
1.5 x10-7 torr with a deposition rate of about 1 Å/sec, as measured by a quartz crystal 
microbalance.  Gold films were coated between 250 and 300 Å thick and were 
subsequently stored under high vacuum or inert atmosphere conditions until use.  
Commercial silicon wafers, coated with a 50 Å titanium adhesion layer and then with ca. 
1000 Å of gold, were purchased from Platypus Technologies. 
Unless otherwise stated, all substrates were soaked in distilled CHCl3, acetone, 
and 200-proof ethyl alcohol for one to two hours in each solvent with no precautions 
against exposure to ambient air or lighting.  Substrates were then removed and dried in a 
stream of N2 gas.  Physical constants of the substrates were measured using a Rudolph 
Research Auto El III fixed wavelength ellipsometer.  Measurements were made with a 
632.8 nm wavelength HeNe laser.  The optical constants of each individual cleaned, bare 
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gold substrate were measured prior to its exposure to isocyanide solutions.  These optical 
constants were used to determine the thickness of the organic film covering the substrate 
upon isocyanide exposure and subsequent workup of the sample.  Typical values for n 
ranged from 0.161 to 0.181 and K values ranged from 3.52 to 3.55.  A refractive index of 
1.45 was assumed 41 for the SAMs described in this chapter.  At least five separate spots 
on the substrate were analyzed to determine both the optical constants and the film 
thicknesses.  The film thickness values reported herein constitute averages of these 
measurements with the corresponding standard deviations given in parentheses.   
All surface IR experiments involved grazing angle reflection absorption Fourier 
transform infrared spectroscopy.  These data for the SAMs films were obtained on a 
Thermo Nicolet 670 FTIR spectrometer with a VeeMax grazing angle accessory set up at 
an incident angle of 70°.  Prior to acquiring an IR spectrum of each SAM sample, a 
background spectrum was recorded using a corresponding similarly treated bare Au 
substrate.  Typically, 1000 scans from 600 to 4000 cm-1 at 4 cm-1 resolution were 
collected for both the background and sample spectra. 
II.3.2. Preparation  of SAM films of 2,2’-diisocyano-1,1’,3,3’-tetraethoxycarbonyl-
6,6’-biazulene (1) and 1,2-bis(2-isocyano-1,3-diethoxycarbonylazulen-6-yl)ethyne (2) 
Gold-coated mica substrates from Platypus technologies, Agilent Technologies, 
and house-coated Au(111) were used to prepare these monolayers.  Before use of the 
Platypus Technologies substrates, these commercial gold substrates were cleaned with 
Piranha solution (Warning: extreme care should be exercised in handling Piranha 
solution as this strong oxidant reacts violently with organic substances and poses an 
!"#
#
explosion danger), then rinsed thoroughly with large volumes of Millipore water, 
dichloromethane, ethanol, and acetone.  Agilent Technologies and house-coated Au(111) 
substrates were not treated using the above protocol because the Piranha solution would 
strip the gold coating from the mica surface.  Instead, the Au-on-mica films were cleaned 
as outlined in the General Procedures section.   
After drying with a stream of N2 gas, ellipsometric physical constants of the bare 
gold substrates were taken.  Monolayer films of respective isocyanides were formed by 
immersing a freshly cleaned gold substrate into a 2 mM solution of the isocyanides in 
distilled CH2Cl2 or - CHCl3 for ca. 24 hrs.  Then, the gold samples were removed, rinsed 
thoroughly with CH2Cl2 or CHCl3, depending on the original solvent used to prepare the 
solution of the isocyanides, and dried in a flow of N2 gas.  No precautions to exclude air 
or ambient laboratory lighting were taken during this procedure. 
II.3.3. Preparation of 6-isocyano-2,2’-biazulene (3) SAM films 
Gold-coated mica substrates from Platypus technologies and house-coated 
Au(111) were used in the formation of monolayers of this biazulene derivative.  Prior to 
their use, both kinds of substrate were cleaned as outlined in the General Procedures 
section.   
After drying with a stream of N2 gas, ellipsometric physical constants of the bare 
gold samples were taken.  Monolayer films of 3 were formed by immersing a freshly 
cleaned gold substrate into a 2 mM solution of 3 in distilled CHCl3 for ca. 24 hrs.  Then, 
the gold sample was removed, rinsed thoroughly with distilled CH2Cl2 or CHCl3, and 
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dried in a flow of N2 gas.  No precautions to exclude air or ambient laboratory lighting 
were taken during this procedure. 
II.3.4. Preparation of 2-isocyano-2’,6-biazulene (4) SAM films 
Mica substrates featuring house-coated Au(111) were used in the formation of 
these biazulenic monolayers.  The substrates were cleaned as outlined in the General 
Procedures section prior to their use.   
After drying with a stream of N2 gas, ellipsometric physical constants of the bare 
gold samples were taken.  Monolayer films of 4 were formed by immersing a freshly 
cleaned gold substrate into an 8 mM solution of 4 in distilled CHCl3 for ca. 24 hrs.  Then, 
the gold sample was removed, rinsed thoroughly with distilled CHCl3, and dried in a flow 
of N2 gas.  No precautions to exclude air or ambient laboratory lighting were taken during 
this procedure. 
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Figure II.9 – Structures of diisocyanobiazulenes 1, 2, 3, and 4 
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II.4  Results and Discussion 
II.4.1 SAM films of 1 
 
Figure II. 10 – Left:- Schematic illustration of an upright coordination of 1 to the Au(111) 
surface.  Right: A - FTIR spectrum of 1 in CHCl3 solution.  B – RAIR spectrum of 1 
adsorbed to the Au(111) surface 
Formation of SAM films of the linear biazulenic derivative 1 was accomplished 
without any precautions taken against exposure of the materials to ambient air or lighting.  
A gold(111) substrate was immersed into a 2mM solution of 1 in distilled CHCl3 for a 
period of about 24 hrs.  After workup that included thorough rinsing and drying, 
ellipsometric and IR studies were performed on the resulting sample.  The ellipsometric 
thickness of the film of 1 was measured to be 20.5 ± 2.4 Å.  This experimentally 
determined thickness value strongly suggests a monolayer nature of the film with 
approximately upright orientation of the molecules of 1 with respect to the metal surface.  
Indeed, the expected film thickness for the perfectly upright !1 coordination of 1 to the 
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Au surface should be about 19.1 Å.  The latter theoretical estimate was obtained by 
adding 2.0 Å, which is a typical Au(0)-CNR bond length,3 to the crystallographically 
determined 17.1 Å distance between the two isocyanide carbon atoms in 118, 42.  Notably, 
the nearly parallel orientation of the long molecular axis of 1 with respect to the surface 
normal is consistent with similar observations documented for SAMs of a number of 
other isocyanoarenes and linear diisocyanoarenes on gold. 4,7,8,16 
The grazing incidence reflection absorption infrared (RAIR) spectrum of a freshly 
prepared film of 1 on Au(111) also suggests the end-on adsorption of 1 to the Au surface, 
as well as the monolayer rather than multilayer nature of the resulting film.  Indeed, the 
spectrum exhibits two bands in the isocyanide stretching region (Figure II.10). The higher 
energy band at 2170 cm-1 corresponds to !C"N of the C"N terminus of 1 bound to the gold 
surface.  The broad nature of this band is typical for aryl isocyanide SAMs on gold 7, 8, 43, 
44 and can be attributed to some inhomogeneity in the environment of the surface 
adsorption sites due to defects in the Au(111) film prepared via gold vapor deposition. 45 
Notably, the !C"N stretch for SAMs of 2-isocyano-1,3-diethoxycarbonylazulene on 
Au(111) also occurs at 2170 cm-1.16  Since the isocyanide carbon’s lone pair is 
antibonding with respect to the C"N bond 6, donation of electron density from the –NC 
junction to gold upon chemisorption of 1 results in a pronounced (43 cm-1) blue shift in 
!CN for the gold-bonded isocyanide terminus of 1 relative to that of the compound in 
solution.  Concurrently, such coordination should induce a slight positive charge 4 within 
the #-system of 1, which may lead to weakening of the C"N bond of the unbound 
isocyanide group, provided there is a sufficient extent of conjugation between the two 
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azulenyl moieties.  In accord with this argument, the sharp !C"N band at 2119 cm-1 in the 
RAIR spectrum in Figure 10 that corresponds to the uncoordinated -N"C end of 1 is 
depressed by 8 cm-1 relative to !C"N observed for 1 in CH2Cl2 solution (or, by 11 cm-1 
compared to !C"N for the bulk compound in Nujol mull).  Interestingly, when adsorbed on 
metallic gold, linear benzenoid diisocyanoarenes featuring up to three linked arylene 
units also show 2 – 9 cm-1 red shifts in !CN for their free -N"C end relative to !CN for the 
corresponding bulk substances, presumably for the same reason. 8, 44  
As mentioned in the introduction to this Chapter, oxidation of isocyanoarene 
SAMs has been observed for both mono- and diisocyanoarenes adsorbed on gold. 7,8  
However, whether the coordinated or free (or both) isocyanide termini undergo oxidation 
is still a matter of debate. 7, 8  In 2006, Barybin and Berrie described several 
isocyanoazulenic films on Au(111) that were remarkably robust and did not undergo 
rapid deterioration on air as do most benzenoid isocyanoarene SAMs on gold. 16  In fact, 
one such isocyanoazulene film was shown to have little to no signs of degradation for 
nineteen days with no precautions taken against ambient laboratory lighting or 
atmosphere. 
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Figure  II. 11 - Bottom: RAIR spectrum of a SAM of 1 in N2 atmosphere after 10,000 
scans.  Top: RAIR spectrum of 1 in ambient air atmosphere after 10,000 scans. 
It is important to note that initial attempts to form a SAMs of 1 on Au(111) had 
resulted in the film thickness values being within what was expected for a perfect upright 
adsorption of 1: 18±2 Å experimentally versus 19.1 Å theoretically, vide supra.  No 
oxidation of either of the isocyanide groups of the adsorbed 1 to produce an isocyanate 
moiety, R-N=C=O, had been detectable in the RAIR spectra of these films.  When the 
author of this Thesis repeated the adsorption experiments, film thicknesses and RAIR 
spectra reported above were obtained, in addition to the information concerning the 
stability issues with respect to the isocyanate formation.  RAIR spectra were initially 
recorded by taking 10,000 scans in an ambient air environment that had been scrubbed to 
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remove both water and carbon dioxide.  While monitoring the progress of the 10,000-
scan protocol, which takes one hour and forty-three minutes, growth of a band at 2270 
cm-1, that had not been present at the beginning of the experiment, was noted (Figure 11).  
This peak is attributable to the formation of the isocyanate functionality.  Conducting the 
same 10,000-scan experiment in the atmosphere of 98% nitrogen gas allowed to severely 
suppress, if not eliminate altogether, the buildup of the RAIR feature the at 2270 cm-1.  
Notably, the RAIR spectrum of a SAM film of 1 on Au(111), acquired in the CO2/H2O-
scrubbed air atmosphere using a 1,000-scan protocol (ca. 10 min acquisition time), 
suggested that minute amounts of the isocyanate species begin to accumulate even at very 
short exposures of the sample to air. 
!"#
#
 
Figure II. 12 – Possible outcomes of the air-oxidation of 1 adsorbed on the Au(111) 
surface 
Given the formation of the isocyanate functionality upon exposure of SAMs films 
of 1 on Au(111) to air, it is important to differentiate which isocyanide group of 1, 
coordinated or “free”, undergoes oxidation (Figure 12).  The RAIR spectra of a SAM of 1 
exposed to air atmosphere over different periods of time, indicate that the intensity of the 
free, uncoordinated isocyanide stretching band decreases while the peak corresponding to 
the isocyanate group grows over time.  Moreover, the intensity of the band corresponding 
to the coordinated isocyanide junction remains relatively unchanged unlike both the free 
isocyanide and the isocyanate peaks.  This lack of change in the bound isocyanide signal, 
coupled with decreasing intensity of the non-coordinated isocyanide and growth of the 
new isocyanate band, strongly suggests that it is the non-coordinated isocyanide terminus 
of 1 that undergoes oxidation to isocyanate.  A similar conclusion was reached by 
$%&'()*#$'+# $%&'()*#$'+#
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Swanson et al. in their studies of the oxidation of linear benzenoid diisocyanoarenes 
adsorbed on gold. 8 
II.4.2 SAM films of 2 
 
Figure II. 13 - Left: Schematic illustration of an upright coordination of 2 to the Au(111) 
surface.  Right: A – FTIR spectrum of 2 in CH2Cl2 solution.  B - RAIR spectrum of 2 
adsorbed to the Au(111) surface. 
The air-stable biazulene derivative 2, synthesized by Dr. David McGinnis of the 
Barybin group 40, is a linear, symmetric molecule featuring two isocyanide termini 
available for coordination to metal atoms, ions and surfaces.  Exposure of a Au(111) 
substrate to a dilute, 2mM solution of the diisocyanobiazulene 2 for 24 hours with no 
precautions to exclude ambient air and laboratory lighting afforded a thin organic film.  
Ellipsometric and RAIR analyses of this film suggested its monolayer nature.  The 
molecular length of 2, defined as the distance between its two isocyano carbon atoms, is 
about 21 Å, as determined by considering its MM2-optimized model in ChemBio3D 
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Ultra 12.  Addition of 2.0 Å, a typical gold(0) - isocyanide carbon bond distance 3, to this 
value gives the overall expected thickness of 23 Å for a monolayer of 2 on gold that 
would feature an upright coordination on the organic molecules to the metal surface.  
This expected monolayer thickness value matches reasonably well the ellipsometrically 
measured film thickness of 26.9± 1.0 Å.  Thus, the linear diisocyanide 2 forms ca. 2.5 
nm-tall SAMs on Au(111) with approximately vertical orientation of its nonbenzenoid 
aromatic scaffold with respect to the metal surface.   
The infrared spectrum of 2 in solution features a single characteristic isocyanide 
CN stretching band at 2119cm-1 (Figure 13).  A very weak peak at 2189 cm-1, 
corresponding to the C!C stretching vibration, is also seen in this IR spectrum.  This 
latter vibrational mode is IR-forbidden given the symmetry of 2 and, therefore, gives rise 
to a band of a very weak intensity.  Upon adsorption to gold, the "(CN) for coordinated 
isocyanide junction blue-shifts to 2177 cm-1, whereas the "(CN) band corresponding to 
the unbound isocyanide terminus of 2 undergoes a 5 cm-1 red shift compared to the "(CN) 
value for 2 in solution.  These observations nicely parallel those discussed above for the 
adsorption of diisocyanobiazulene 1. 
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II.4.3 SAM films of 3 
 
Figure II. 14 - Left: Schematic illustration of an upright coordination of 3 to the Au(111) 
surface.  Right: A – FTIR spectrum of 3 in CH2Cl2.  B - RAIR spectrum of 3 adsorbed to 
the Au(111) surface. 
While the Barybin group has been successful in synthesizing the 6,6’-biazulene 
motif linearly equipped with two isocyanide termini (compound 1), isolation of a 
complementary system featuring bonding of the azulenic fragments through the 5-
membered rings (i.e., carbon atoms 2 and 2’) is yet to be accomplished. Nevertheless, 
Drs. Maher and McGinnis succeeded in preparing the 2,2’-biazulenyl compound, namely 
6-isocyano-2,2’-biazulene (3), that incorporates one isocyanide terminus.  In solution, the 
isocyande group of 3 gives rise to a characteristic !(CN) band at 2114 cm-1.  Upon 
exposing an Au(111) substrate to a dilute solution of 3, adsorption of the compound on 
the gold surface occurs as evidenced by a blue shift of the !(CN) band to 2167 cm-1 
(Figure 14).  Of note, there is no free isocyanide signal seen in the surface spectrum 
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shown in Figure 14.  This suggests that the film is only one molecule-thick with the 
isocyanide group being coordinated to the metal surface.  Moreover, the molecules of 3 
are likely to be oriented parallel to the surface normal, as depicted in Figure 14, following 
the selection rules for surface enhanced spectra as discussed in Chapter 1 of this Thesis. 
Ellipsometric determination of the thickness of the above film of 3 on gold 
yielded the value of 25±1.5 Å.  For an upright coordination of this molecule, one would 
expect the SAM thickness to be around 17 Å, including the Au-C bond distance of 2.0 Å.  
The apparent significant discrepancy between the experimental and expected film 
thickness values does not necessarily rule out the formation of a monolayer.  Previously, 
Dr. Tiffany Maher performed similar experiments attempting to form monolayers of 3 
during her graduate work in the Barybin group.  Dr. Maher documented preliminary 
evidence of monolayer formation with infrared spectra that were suggestive of a single 
molecule-thick film.  However, her experimental thickness measurements resulted in the 
value of 27(2) Å.  In her Ph.D. Thesis, Dr. Maher proposed that the visible light 
absorbance of the organic molecule affected the measurement.  Compound 3 was, indeed, 
shown to have a slight absorbance at 632 nm, the wavelength of the HeNe laser used in 
our ellipsometric experiments.  The model used in analyzing our ellipsometric data 
assumes no significant absorption of the incident laser radiation by the film.  Therefore, 
absorption of the laser radiation by the biazulenic film may have skewed the calculations 
in determining the ellipsometric thickness for 3 on gold.  With further detailed 
consideration of the model used, the author of this Thesis finds it doubtful that the 
absorbance of laser light would alter substantially the experimental film thickness value, 
especially given that the extinction coefficient of 3 at 632 nm is so low.  It is more likely 
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that the films were contaminated with a hydrocarbon material when placed on the 
ellipsometer.  Hydrocarbon particles floating in the air could physisorb to the surface and 
would not be immediately apparent in the RAIR spectrum but would certainly affect 
results of ellipsometric measurements.  The use of spectroscopic ellipsometry would rule 
out any error caused by absorption of the incident laser radiation, thus possibly 
determining the cause of the thicker than expected measurements on the fixed wavelength 
instrument. 
II.4.4 SAM films of 4 
 
Figure II. 15 - Left:  Schematic illustration of an upright coordination of 4 to the Au(111) 
surface.  Right: A - FTIR spectrum of 4 in CH2Cl2.  B - RAIR spectrum of 4 adsorbed to 
the Au(111) surface. 
The most recent addition to the family of biazulenic SAMs on gold involves 2-
isocyano-1,3-diethoxycarbonyl-2’,6-biazulene (4), recently synthesized in the Barybin 
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group.   This polar biazulenic compound features one isocyanide terminus, but, unlike 1 
and 3, contains the azulenic motifs with the dipoles aligned in the same direction.  
Synthesized by Toshinori Nakakita and John Meyers, the biazulenyl derivative 4  
completes the series of three possible linear biazulenic frameworks, namely 2,2’, 6,6’, 
and 2,6’.  Formation of thin films using compound 4 proved to be the most challenging of 
any isocyanoazulenic SAMs that the author of this Thesis has attempted to prepare to 
date.  Our standard methodology of monolayer formation involving a 2mM solution of 
the organic compound in distilled CHCl3, exposure of a gold substrate to the above 
solution for twenty-four hours, and no precautions against air or lighting was 
unsuccessful in obtaining SAMs of 4.  Conducting the monolayer formation experiments 
under a nitrogen gas atmosphere and precluding exposure to laboratory lighting did not 
result in any success either.  Attempt to prevent aggregation on the surface and limit any 
undesirable side reactions, by lowering the solution concentration to 1 mM, 0.5 mM, and 
0.25 mM, while excluding ambient air atmosphere and lighting, were not helpful.  
Finally, higher solution concentrations of 4 were tested and succeeded in monolayer 
formation.  Using an 8 mM solution of 4 in chloroform, the first successful SAM of 4 on 
Au(111) was formed and characterized.   
The ellipsometric film thickness for 4 adsorbed on metallic gold was determined 
to be 13 Å, averaged from the measurements at five spots on the same substrate.  A 
Chem3D-optimized model of 4 suggests the molecular length of about 13 Å along its 
long axes.  While the experimentally determined thickness is somewhat shorter than 
expected for a perfectly upright coordination of 4, possibly because of a less dense 
packing structure than other isocyanobiazulenic films, the deviation is not large.  
!"#
#
Certainly, no multilayer formation has occurred.  The RAIR spectrum of 4 on gold 
supports this conclusion.  The CN stretching band for 4 in solution occurs at 2120 cm-1.  
Upon coordination of 4 to the gold surface, this peak shifts to higher energy to appear at 
2169 cm-1, as expected for an isocyanide film.  The surface IR spectrum shows no 
features corresponding to free, uncoordinated isocyanide groups, which suggests that 
multilayer formation on the gold surface is unlikely  
Since the initial formation of the SAM of 4 on Au(111) in an 8 mM solution, 
additional SAMs have been formed at the lower concentrations of 4 mM.  In addition, 
one example of monolayer formation was observed when attempting to use the standard 
concentration of 2 mM.  This later case provided reasonable ellipsometric and RAIR 
data.  It is this Author’s findings that the best method for monolayer formation of 4 is to 
use higher concentration solutions as done with the 8 mM solution experiments.   
  
!"#
#
II.5. Conclusions and Outlook 
 In this chapter, the formation and characterization of the first self-assembled 
monolayer films involving three possible types of biazulenic scaffolds  have been 
presented.  The films feature terminal (!1) coordination of the isocyanide junction groups 
and approximately upright orientation of the isocyanoarene frameworks with respect to 
the gold surface.  These characteristics nicely parallel those documented for SAMs of 
isocyanoazulene derivatives containing one azulenic moiety 15 as well as SAMs of most 
benzenoid isocyanoarenes. 3  The accessibility of well-defined molecular films of 1 and 2 
opens a previously unavailable intriguing opportunity to experimentally probe the 
conductivity characteristics of a molecular wire based on the symmetric nonbenzenoid 
aromatic 6,6'-biazulenyl framework.  While incorporation of the second isocyanide 
terminus into the structures of 2,2’- and 2,6’-biazulenyl derivatives 3 and 4 is yet to be 
accomplished, the successfully formed SAMs of the monoisocyanide derivatives 3 and 4 
on Au(111) will serve as an important proof-of-concept model in our future quest for 
2,2’- and 2,6’-biazulenyl-based charge transport materials. 
 The next research steps capitalizing on the work described in this chapter will 
involve systematic evaluation of the charge transport characteristics of the new 
isocyanobiazulenic SAMs on gold and, perhaps, on other metal surfaces (e.g., Pd).  
Specifically, the conductivity properties of these SAM films will be studied as a function 
of connectivity of the azulenic units within the biazulenic saffold (i.e., 2,2’, 6,6’, or 2,6’) 
and incorporation of –C"C– spacers between azulenic moieties.  Additional SAM 
stability and surface imaging studies should be considered as well.  
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CHAPTER III 
III. First Self-assembled Monolayer Films of Mercaptoazulenes 
Portions of this work have been published in 
 Neal, B. M.; Vorushiolov, A. S.; DeLaRosa, A. M.; Robinson, R. E.; Berrie, C. L.; 
Barybin, M. V. Ancillary nitrile substituents as convenient IR spectroscopic reporters for 
self-assembly of mercapto- and isocyanoazulenes on Au(111). Chemical 
Communications, 2011, 47, 10803-10805.  
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III.1 Introduction 
 Organosulfur compounds of thiols (HS(CH2)nX), disulfides (X(CH2)mS-
S(CH2)mX), and sulfides (X(CH2)mS(CH2)mX), where n and m are the number of 
methylene units and X is the terminal functional group, have been used to form SAMs on 
Au substrates since 1983. 1  Much of the earlier literature focused on the formation of 
such SAMs via adsorption from solution or vapor deposition to Au and Ag. 1-5  The initial 
studies explored many basic fundamentals, such as optimal conditions and procedures for 
film formation, as well as orientation of the adsorbed molecules with respect to the 
surface and relative to each other.  Subsequent reports considered not only adsorption of 
new organosulfur compounds on Au, but also self-assembly and orientation of the 
previously known molecules on different substrates, such as Ag, Cu, Pd, Pt, Ni, and Fe. 6 
 SAM films of straight chain aliphatic hydrocarbon thiols on Au(111) constitute 
one of the most studied systems. 1,6  As outlined by Whitesides, metallic gold surfaces are 
particularly attractive for SAM film formation for several reasons: 1) there are relatively 
straightforward methods of preparing high quality gold thin films, e.g., by physical vapor 
deposition, vide supra 2) patterning on gold is relatively easy to accomplish 3) gold is an 
inert metal, 4) many analytical techniques have been developed to characterize changes 
to thin Au substrates, and 5) gold does not appear to be toxic to cells. 1  For the studies of 
mercaptoazulenes described here, reasons 1, 3, and 4 are the most pertinent.   
 Self-assembly of alkane thiolates on Au, as well as properties of the resulting 
molecular films, has been reviewed by Whitesides et al. and Salvarezza et al. 1,6  Given 
that mercaptoazulenes represent an unusual class of aromatic organothiols, SAMs of 
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these nonbenzenoid mercaptoarenes, reported in this Thesis, are best compared and 
contrasted with those of previously known benzenoid mercaptoarenes.  Similar to SAMs 
of homologous aliphatic thiolates, the molecular tilt angle in benzenoid aromatic thiolate 
films is influenced by the number of elementary units (i.e., six-membered rings) in the 
organic chain.  Table III.1 summarizes some characteristics of representative aromatic 
thiolates absorbed on metallic gold. 
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Figure III.1 - Structures of various benzenoid aromatic thiols and dithiols:  (A) 
benzenethiol and benzene-1,4-dithiol, (B) biphenyl-4-thiol and biphenyl-4,4’-dithiol, (C) 
terphenyl-4-thiol and terphenyl-4,4’’-dithiol, (D) naphthalene-2-thiol and naphthalene-
2,6-dithiol, (E) OPE(2)-4-thiol and OPE(2)-4,4’-dithiol (F) !, !’-xylyldithiol (G) 
OPE(3)-4-thiol and OPE(3)-4,4’’-dithiol. 
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Table III.1 – Various aromatic thiols and their properties when they are incorporated in 
SAM films on Au substrates.  Structures of these are shown in Figure III.1 
Molecule Tilt 
Angle 
Thickness 
characterization 
Thickness 
obs. (Å) 
Thickness 
calc. (Å) 
Water contact angle (°) Ref 
Benzene thiol - XPS  6.0-8.3 Å - - 7 
Biphenyl-4-thiol - ellipsometry 14 Å - 73 (adv); 69 (red) 8 
Biphenyl-4,4’dithiol - ellipsometry 13 Å - 67 (adv); 62 (red) 8 
Biphenyl-4,4’dithiol - ellipsometry 12.2 Å 13 Å 69° to 71°  9 
!, !’-xylyldithiol 24° ellipsometry 8.3 Å - 69° to 71°  9 
Biphenyl-4-thiol - ellipsometry 12±1 Å - - 10 
Biphenyl-4,4’-dithiol - ellipsometry 16.5±1.25 Å - - $%#
Naphthalene-2-thiol 44° - - - - 11 
OPE(3)-4-thiol 30°  spectr. ellipsometry 18±0.1 Å - - 12 
OPE(3)-4-thiol 25 spectroscopic 
ellipsometry 
19 Å  74° ± 3° 13 
OPE(3)-4-thiol 31 HRXPS 18 Å   74° ± 3° 13 
OPE(1)-4thiol 30 NEXAFS 13 Å  74° ± 3° 13 
Benzene thiol - ellipsometry 9±3 Å 5.6Å  58±3° 14 
OPE(2)-4-thiol - ellipsometry 12±2Å 12.4Å 70±3° 14 
OPE(3)-4-thiol - ellipsometry 19±2Å 19.2 Å 80±3° 14 
Benzene thiol - ellipsometry 1±1 Å - 80±2° (adv); 76±2° (rec) 15 
Biphenyl-4,4’-thiol - ellipsometry 9±2 Å - 85±1° (adv); 82±1° (rec) 15 
Terphenyl-4-thiol - ellipsometry 11±1 Å - 80±2° (adv); 79±2° (rec) 15 
Benzene thiol - XPS 5.5 8.1 - 16 
Benzene thiol - spectr. ellipsometry 6.1 8.1 - 16 
Naphtalene-2-thiol - XPS 8.2 10.3 - 16 
Naphtalene-2-thiol - spectr. ellipsometry 8.5 10.3 - 16 
Benzene-1,4-dithiol - XPS 8.2 8.8 - 16 
Benzene-1,4-dithiol - spectr. ellipsometry 8.6 8.8 - 16 
Naphthalene-2,6-
dithiol 
- XPS 10.2 11.0 - 16 
 Naphthalene-2,6-
dithiol 
- spectr. ellipsometry 10.3 11.0 - 16 
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The packing arrangements of SAMs of several aromatic thiols were compared 
using cyclic voltammetry (CV), RAIR, STM, ellipsometry, and contact angle 
measurements. 17  Effectively, the molecules studied belong to one of two categories.  
The first, with molecules such as benzene thiols and biphenyl thiols having the thiol 
functional group directly linked to the aromatic ring, formed poorly packed monolayers.  
The second class, molecules with a methylene unit between the thiol and aromatic rings, 
formed much better packed monolayers with CV results being what was typically seen in 
monolayers of alkanethiols.  The packing differences documented for these two groups of 
SAMs were attributed to the methylene unit.  As illustrated in Figure III.2, for 
benzenethiol, the 180° Au-S-C bond angle would allow the molecule to be parallel to the 
surface normal while a ~104° Au-S-C bond angle would force the molecule to be tilted 
away from the surface normal causing poorer packing.  The insertion of a methylene unit 
between the ring and the sulfur atom allows the sulfur to assume the ~104° bond angle 
and arrange the aromatic rings in a well-ordered packing. 
 
Figure III.2 - Benezenethiol (BT), left, and benzylthiol (phenylmethanethiol or PMT), 
right, coordinated to the Au surface showing the possible geometries of the Au-S-C bond 
angles and the resulting molecular orientation on the surface.  Adapted from Ref. 17. 
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Studying films of benzenethiol and benzeneselenol on Au(111) surfaces via STM, 
contact angles and thermal desorption spectroscopy, Witte et al. observed similar low 
packing order as previously described for the benzenethiol on the surface that was 
attributed to pronounced molecular tilting. 18  STM measurements suggested the long-
range ordering of these monolayers to be poor, especially when compared to the 
analogous benzeneselenol system.  Additionally, NEXAFS analysis of the thiol film 
indicated a molecular tilt angle of 54° with respect to the surface normal. 
The BT SAMs formed poorly ordered monolayers unlike their BMT counterparts 
as determined by STM. 19  The addition of the methylene-spacer is thought to provide 
enough flexibility to allow for better Van der Waals interactions between the aromatic 
rings thereby allowing for better packing to take place.  XPS data showed that both 
systems had strongly bound species to the Au(111) surfaces, but the BT monolayers had 
somewhat weaker coordinating molecules than the BMT films.  By introducing the 
methylene spacer as in BMT, the number of weaker coordinating sulfur-species was 
drastically reduced because of BMT’s more ordered packing on the surface.  Increasing 
the temperature of the BT solution during monolayer formation to 50 - 75 °C facilitated 
ordered two-dimensional packing as evidenced by STM analysis. 20 
Film formation of butanedithiol, hexanedithiol, and nonanedithiol on Au(111) 
was investigated using two different procedures. 21  The first procedure employed 50 µM 
solutions of the dithiols in ethanol while the second protocol involved 1 mM solutions in 
n-hexane degassed with N2.  Butanedithiol, in either procedure, chemisorbed to the metal 
surface via both sulfur atoms in a lying-down configuration. Formed via the first 
!"#
#
procedure, the SAMs of hexanedithiol and nonanedithiol showed the majority of 
molecules in a standing-up orientation. However, some of the terminal mercapto groups 
had formed disulfides with either other chemisorbed dithiols or extra dithiol molecules 
from solution.  Using the second procedure, the hexanedithiol and nonanedithiol 
predominately chemisorbed in a standing-up fashion with only one sulfur atom 
chemisorbing with no oxidation of the terminal sulfur observed by RAIRS, XPS, and 
time of flight direct recoil spectroscopy.  These results demonstrate the importance of 
both relatively long chain length and lack of O2 for retaining the terminal thiol groups. 
Using synchrotron angle resolved ultraviolet photoelectron spectroscopy studies 
of benzenethiol adsorption on Au(111) to study the orientation of the molecules on the 
surface it was concluded that the phenyl ring of the molecule orients preferentially 
parallel to the gold surface, with little dependence on the extent of surface coverage.  22  
XPS measurements confirmed that the sulfur atom formed a thiolate bond to the surface.  
In a separate experiment, high resolution electron energy loss spectroscopy, HREELS, 
was used to study films of benzenethiol on gold surfaces and indicated disappearance of 
the S-H stretching band, that was observed for free BT (2580 cm-1), upon coordination to 
the Au(111) surface. 23  The weak Au-S stretching band expected at ~460 cm-1 was not 
detectable.  However, in contrast to their previous work, based on the observation of a 
weak peak at 3010 cm-1 corresponding to a C-H bending mode that would be forbidden if 
the molecule were coordinated perfectly upright, a mostly upright orientation was 
assumed.   
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Mercaptobiphenyls have a more significant molecular dipole compared to 
alkanethiols due to the conjugation between the two rings. 24  Due to this increased 
molecular dipole and high surface free energies compared to alkanethiols, water contact 
angle measurements have not been as useful in characterization of terminally 
functionalized mercaptobiphenyl films as compared to analogous terminally 
functionalized alkanethiols films.  Also, the interface between the wetting liquid and the 
top, exposed part of the molecule is not as well packed as alkanethiols thus allowing for 
the wetting liquid to interact with the phenyl rings, making contact angle measurements 
less instructive.  That said, monolayers of assorted 4’-substituted-4-mercaptobiphenyls 
were studied via ellipsometry and external reflection FTIR to suggest that these systems 
have low tilt angles with respect to the surface normal on the order of 15° and 30°. 25 
Ellipsometric and XPS data acquired for SAMs of biphenyldithiols indicated 
possible formation of disulfide bonds through involvement of the terminal sulfur atoms, 
in addition to retention of the thiol functional group in some molecules. 26  Coordination 
via both thiol junctions of the same molecule to the surface was not observed in any 
appreciable quantity.  Contact of the sample with air was likely responsible for the 
oxidation of the biphenyl dithiol species suggested by XPS. 
Upon coordination of naphthalene-2-thiol to the Au surface, there are three 
possibilities for rotation around the C-S bond of the napthalenethiolate unit such that the 
molecule may orient in a variety of fashions, as shown in Figure III.3. 27  The standing 
and lying phases were detected by STM, indicating that the !-! interactions between the 
molecules are important for ideal packing orientation.  Both rotomers coexist in the same 
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SAM and differ in their position on the Au(111) surface with the standing molecules in 
atop and 3-fold hollow sites and the lying phase occupying a bridging position. 
 
Figure III.3 - Three possible orientations of 2-napthalenethiol on the gold surface.  In 
both the standing and lying orientations the angle of rotation of the molecule with respect 
to the S-C bond, !, causes the molecule to be oriented perpendicularly to the surface.  
The tilt angle " is the same for all orientations.  From Ref 27. 
 
 
Figure III.4 - General model of the metal-molecule-metal framework where X denotes 
junction groups linking the metal surfaces to the molecule. 
Similar to the isocyanoarenes discussed in Chapter 2, aromatic thiol and dithiol 
molecules have been of interest as conductors or diodes for use in molecular electronics.  
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Self-assembled monolayers (SAMs) that spontaneously form on
metal or semiconductor surfaces by organothiol derivatives currently
attract great attention because of their ability to tailor interfaces
and to be used in applications such as biosensors and electronic
devices.1 Among them, aromatic thiols are of considerable interest
owing to the presence of an extended !-conjugated system.2 For
example, the charge-transfer process taking place between benzene-
1,4-dithiol and metal electrodes has been investigated.3 Although
the bidimensional morphology of SAMs is well-defined and can
be investigated down to the molecular level, they often exhibit
polymorphism, the coexistence of two or more crystallographic
structures.4 Polymorphism can find applications in industrial appli-
cations such as pharmaceutical production and formulation. Like
bulk polymorphs, 2D polymorphs may have different chemical and
physical properties. Ishida et al. investigated the influence of the
structural arrangement of biphenyl and terphenyl thiol compounds
on their electrical conduction.5 Bratkovsky and Kornilovitch studied
the effects of contact geometry and gating on current through SAMs
of conjugated thiol molecules.6 Azzam et al. reported on the odd-
even changes in the molecular arrangement and packing density
of biphenyl-based thiol SAMs.7 These studies show that it is
important to determine the precise conformation and orientation
of individual molecules in monolayers of aromatic thiols.
2-Naphthalenethiol (2NT) is a simple aromatic molecule with
an extended !-conjugated system whose electronic properties have
been investigated as SAMs adsorbed on gold.8 2-Anthracenethiol
SAM on Au(111) has been studied by Käfer et al. using several
spectroscopic techniques and scanning tunneling microscopy (STM).9
However, the local bidimensional structure of 2NT SAMs has never
been studied by STM. Once it is immobilized on a gold substrate
and assuming that the S-Au bond is nearly vertical,10 the
naphthalene moiety can rotate around the S-C bond and adopt
various orientations. As shown in Figure 1, three model geometries
are possible: “standing” (! ) 0°), “facing” (! ) 90°), and “lying”
(! ) 180°), with ! being the angle between the naphthalene plane
and the gold surface. We report here on a refined STM study of
2NT SAMs at the n-tetradecane/Au(111) interface to determine the
precise orientation of individual 2NT molecules on the Au substrate.
STM at the liquid/solid interface allows imaging of SAMs in
ambient conditions down to molecular resolution.11 Two well-
ordered 2NT phases having different close-packed arrangements
are observed. Our study provides the first direct evidence of
rotational polymorphism of 2NT molecules on Au(111).
Reconstructed Au(111) substrates are prepared by annealing Au
thin films (!150 nm) vacuum deposited on a freshly cleaved mica
foil (Goodfellow) in a propane-air flame. A microdroplet of a solu-
tion of 2NT (!0.05 mg/mL) in n-tetradecane (Aldrich, 99.99%) is
deposited on a Au(111)/mica sample (5 " 5 mm2).11 STM imaging
is performed at the n-tetradecane/Au(111) interface using a
Pico-SPM (Molecular Imaging/Agilent Technology) in constant-
current mode at room temperature. Typical scanning parameters
are 0.3-0.5 V for the tip voltage and 10-30 pA for tunneling
current. After deposition of the 2NT solution on gold, the (23"#3)
reconstructed herringbone structure of Au(111) is no longer visible
(see Supporting Information (SI)).12 Instead, the surface is covered
by ordered domains with lateral sizes in the range 10-40 nm
(Figure 2a). These domains are separated by randomly distributed
depressions and smaller star-shaped domains with an average height
!0.24 nm and lateral sizes of 2-5 nm. The STM image in Figure
2a reveals that the large domains consist of highly ordered stripes
(or lamellae) aligned along three preferential !110" directions rotated
at 120°, reflecting the 3-fold symmetry of the underlying gold
substrate. The !110" direction of Figure 2a is determined on a larger
scale image of the same region showing a monatomic gold step
edge. Two types of ordered phases, R and ", coexist in the SAMs
(see Figure 2b). Both R and " phases are stable, occupy equal
† LRC Nanostructures et Semi-Conducteurs Organiques CNRS-CEA-UPMC.
‡ National Center for Nanoscience and Technology.
Figure 1. Three possible surface rotamers of 2NT molecules adsorbed on
Au(111): standing (left, ! ) 0°), facing (middle, ! ) 90°), and lying (right,
! ) 180°) as defined by the rotation angle ! of the naphthalene moiety
around the axis of the S-C bond. Note that the tilt angle # remains constant.
Figure 2. Typical STM images of the coexisting ordered phases (R and
") of 2NT monolayers on Au(111) at various scales. (a) 44 " 44 nm2, Ut
) 0.5 V, It ) 50 pA; (b) (upper) phase R (16 " 8 nm2, Ut ) 0.5 V, It )
18 pA); (lower) phase " (18.3 " 9.1 nm2, Ut ) 0.5 V, It ) 50 pA); (c)
phase R (6.5 " 6.5 nm2, Ut ) 0.5 V, It ) 50 pA); (d) phase " (8.5 " 8.5
nm2, Ut ) 0.5 V, It ) 100 pA). Unit cells are shown as dashed white
rectangles. In panel c, individual 2NT molecules indicated by arrows and
numbered 1, 2, and 3 are adsorbed respectively on top, bridge, and 3-fold
hollow positions of gold (see also Figure 3). In panel a, the !110" direction
refers to the gold substrate.
Published on Web 09/06/2006
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Frisbie has recently probed the resistance to current of various oligoacene thiols, 
including mercapto- and dimercaptonaphthalene molecules. 28  The thicknesses of these 
films were determined using XPS and spectroscopic ellipsometry.  The XPS data were 
also used to model adsorption of the dithiol molecules via both of their sulfur atoms.  For 
the SAMs of 1,4-dimercaptobenzene on gold, roughly 25%±10% of the molecules were 
doubly bound to the Au surface, whereas 11%±10% of the 2,6-dimercaptonaphthalene 
molecules were doubly bound.  The resistance of a molecular system, generally 
represented by Figure III.4 varies greatly depending on whether the organic linker was 
connected to both metals via chemical bonding, as in the case of a dithiol, or connected 
with one chemical junction and one physical, as in the case of a monothiol. 28  Frisbie’s 
report is particularly interesting because it demonstrated not only decreased contact 
resistance, but also lower tunneling attenuation factor, (a measure of electronic decay as 
the charge moves across the molecule) for dimercapto- versus monomercapto-
functionalized arenes.  Additionally, computational work by Pati et al. had suggested the 
I-V curve for the 2,6-dimercaptonaphthalene  molecule to be symmetric and Taniguchi et 
al., experimentally confirmed this prediction later. 
 
Figure III.5 - 2,6-Dimercaptoazulene and 2,6-dimercaptonapthalene considered in a 
theoretical study by Pati et al.  in Ref. 29. 
 In their computational study, Pati et al. compared conductivity characteristics of 
isomeric 2,6-dimercaptonaphthalene and currently unknown 2,6-dimercaptoazulene 
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shown in Figure III.5. 29  Using non-equilibrium Green’s function (NEGF) and Gaussian 
calculations, the I-V curve for 2,6-dimercaptonaphthalene was shown to be symmetric in 
both positive and negative bias regions, which was not true for 2,6-dimercaptoazulene.  
In the low-bias region, from 0.7 V to -0.7 V, both molecules were predicted to have 
nearly identical conductivities. However, markedly different currents were expected for 
these two systems at a higher bias.  In the high positive bias region, the 2,6-
dimercaptoazuleneframework was calculated to experience greater current than its 
isomeric naphthalene analogue. On the other hand, the 2,6-dimercaptonaphthalene 
scaffold was calculated to exhibit greater negative current compared to 2,6-
dimercaptoazulene under high negative bias.  Notably, for the azulenic system, electrons 
would flow from the seven-membered ring to the five-membered ring in the positive bias 
region and vice versa in the negative region, thereby signifying that the azulenic system 
would act as a molecular diode. 
 
Figure III.6 – Hypothetical dimercaptoazulene and related polyazulene molecules 
considered in a theoretical study by Ref. 30. 
 A theoretical study by Zhang et al. on 2,6-dimercaptoazulene and other 
hypothetical azulene-like molecules shown in Figure III.6 provided conclusions similar to 
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those of Pati. 30  Zhang, using NEGF methods, calculated the I-V curves for these 
molecules and compared the ratios of current in a particular positive bias to the current at 
the corresponding negative bias.  A ratio not equaling 1 would indicate that the molecule 
behaves as a rectifier, which was indeed the case for all azulenic and azulene-like 
molecules.  While all of the molecules were predicted to rectify, the molecule A in Figure 
III.6 had the lowest ratio of current in the positive region compared to the negative region 
followed by the molecules B and then C.  The predicted conductivities of the azulenic 
molecules considered by Zhang were greater than those of OPE derivatives. 31  
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III.2 Work Described in Chapter III 
This chapter addresses the formation, properties and stability of the SAM films of 
all mercaptoazulene derivatives developed in the Barybin lab to date.   In addition, 
incorporation of ancillary nitrile substituents as infrared spectroscopic reporters for facile 
characterization of azulenic SAMs is discussed.  Future directions of this research are 
outlined at the conclusion of the Chapter.  
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III.3 Experimental Section 
III.3.1. General Procedures and Starting Materials 
The mercaptoazulene derivatives involved in these studies were prepared as 
described elsewhere.  Syntheses of 1, 2, and 4 are reported in Barybin et al., Chemical 
Communications, 2011, 47, 10803-10805. 32  Preparation of 3 is documented in Dr. 
Alexander Vorushilov’s Ph.D. Thesis. 33  Compounds 5, 6, and 7 will be reported in 
Scheetz, K. J., Vorushilov, A. S., Powell, D. R., Barybin, M. V., Manuscript in 
preparation.34  The chemical structures of these molecules may be seen in Figure III.7. 
Gold-coated mica substrates were either purchased from Platypus Technologies or 
fabricated in the Berrie lab using an Edwards Auto 306 rotary evaporator.  “House” 
Au(111) was deposited on freshly cleaved sheets of mica under vacuum of ca. 1.5 x10-7 
torr with a deposition rate of about 1 Å/sec, as measured by a quartz crystal 
microbalance.  Films were coated between 250 and 300 Å thick and were subsequently 
stored under high vacuum or in inert atmosphere conditions until use.  Commercial 
silicon wafers, coated with a 50 Å titanium adhesion layer and then 1000 Å of gold, were 
purchased from Platypus Technologies. 
Unless otherwise stated, all substrates were soaked in distilled CHCl3, acetone, 
and 200-proof ethyl alcohol for one to two hours in each solvent with no precautions 
against exposure to ambient air or lighting.  Substrates were then removed and dried in a 
stream of N2 gas.  Physical constants of the substrates were measured using a Rudolph 
Research Auto El III fixed wavelength ellipsometer.  Measurements were made with a 
632.8 nm wavelength HeNe laser.  The optical constants of each cleaned, bare substrate 
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were measured prior to its exposure to thiol solutions.  These optical constants were used 
to determine the thickness of the organic film on the substrate after exposure.  Typical 
values of n ranged from 0.161 to 0.181 and K values from 3.52 to 3.55.  A refractive 
index of 1.45 was assumed 35 for all SAMs described in this chapter.  At least five 
separate spots on the substrate were analyzed to determine both the optical constants and 
the film thicknesses.  The film thickness values reported herein constitute averages of 
these measurements with the corresponding standard deviations given in parentheses. 
All surface IR experiments involved grazing angle reflection absorption Fourier 
transform infrared spectroscopy.  These data for the SAMs were obtained on a Thermo 
Nicolet 670 FRIR spectrometer with a VeeMax grazing angle accessory set up at an 
incident angle of 70°.  Prior to acquiring an IR spectrum of each SAM sample, a 
background spectrum was collected using a corresponding similarly treated bare 
substrate.  Typically, 1000 scans from 600 to 4000 cm-1 at 4 cm-1 resolution were 
collected for both the background and sample spectra. 
III.3.2. Preparation of 2-mercaptoazulene (1) SAM film  
Both commercial gold-coated silicon (Platypus Technologies) and house-coated 
Au on mica substrates were soaked sequentially in distilled CHCl3, acetone, and 200-
proof ethanol for one to two hours in each solvent separately.  After drying with a stream 
of N2 gas, ellipsommetric physical constants of the bare gold substrates were measured.  
The SAM film was formed by soaking the freshly cleaned and characterized substrate in 
a 2mM solution of 1 in distilled CHCl3 for approximately 24 hours.  The substrate was 
then removed from the solution, rinsed thoroughly with distilled CHCl3, and dried in a 
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stream of N2 gas.  No precautions to exclude air or ambient laboratory lighting were 
taken during this procedure. 
III.3.3. Preparation of 1,3-diethoxycarbonyl-2-mercaptoazulene (2) SAM film 
Both commercial gold-coated silicon (Platypus Technologies) and house-coated 
Au on mica substrates were soaked sequentially in distilled CHCl3, acetone, and 200-
proof ethanol for one to two hours in each solvent separately.  After drying with a stream 
of N2 gas, ellipsommetric physical constants of the bare gold substrate were measured.  
The SAM film was formed by soaking the freshly cleaned and characterized substrate in 
a 2mM solution of 2 in distilled CHCl3 for approximately 24 hours.  The substrate was 
then removed from the solution, rinsed thoroughly with distilled CHCl3, and dried in a 
stream of N2 gas.  No precautions to exclude air or ambient laboratory lighting were 
taken during this procedure. 
III.3.4. Preparation of 1,3-diethoxycarbonyl-6-mercaptoazulene (3) SAM film 
Commercial gold-coated silicon (Platypus Technologies) and house-coated Au on 
mica substrates were soaked sequentially in distilled CHCl3, acetone, and 200-proof 
ethanol for one to two hours in each solvent separately.  After drying with a stream of N2 
gas, ellipsommetric physical constants of the bare gold substrates were measured.  The 
SAM film was formed by soaking the freshly cleaned and characterized substrate in a 
2mM solution of 3 in distilled CHCl3  for approximately 24 hours.  The substrate was 
then removed from the solution, rinsed thoroughly with distilled CHCl3, and dried in a 
stream of N2 gas.  No precautions to exclude air or ambient laboratory lighting were 
taken during this procedure. 
!"#
#
III.3.5. Preparation of 1,3-dicyano-2-mercaptoazulene (4) SAM film 
Commercial gold-coated silicon (Platypus Technologies) and house-coated Au on 
mica substrates were soaked sequentially in distilled CHCl3, acetone, and 200-proof 
ethanol for one to two hours in each solvent separately.  After drying with a stream of N2 
gas, ellipsommetric physical constants of the bare gold substrate were measured.  The 
SAM film was formed by soaking the freshly cleaned and characterized substrate in a 
2mM solution of 4 in distilled THF for approximately 24 hours.  The substrate was then 
removed from the solution, rinsed thoroughly with distilled CHCl3 and ethanol, and dried 
in a stream of N2 gas.  No precautions to exclude air or ambient laboratory lighting were 
taken during this procedure. 
III.3.6. Preparation of 1,3-diethoxycarbonyl-6-chloro-2-mercaptoazulene (5) SAM 
film 
Commercial gold-coated silicon (Platypus Technologies) and house-coated Au on 
mica substrates were soaked sequentially in distilled CHCl3, acetone, and 200-proof 
ethanol for one to two hours in each solvent separately.  After drying with a stream of N2 
gas, ellipsommetric physical constants of the bare gold substrate were measured.  The 
SAM film was formed by soaking the freshly cleaned and characterized substrate in 
making a 2mM solution of 5 in distilled CHCl3 for approximately 24 hours.  The 
substrate was then removed from the solution, rinsed thoroughly with distilled CHCl3, 
and dried with a stream of N2 gas.  No precautions to exclude air or ambient laboratory 
lighting were taken during this procedure. 
III.3.7. Preparation of 1,3-diethoxycarbonyl-2,6-dimercaptoazulene (6) SAM film 
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Commercial gold-coated silicon (Platypus Technologies) and house-coated Au on 
mica substrates were soaked sequentially in distilled CHCl3, acetone, and 200-proof 
ethanol for one to two hours in each solvent separately.  After drying with a stream of N2 
gas, ellipsommetric physical constants of the bare gold substrate was measured.  SAM 
films were formed by soaking the freshly cleaned and characterized substrate in a 2mM 
solution of 6 in distilled CHCl3 for approximately 24 hours.  The substrate was removed 
from the solution, rinsed thoroughly with distilled CHCl3, and dried with a stream of  N2 
gas.  No precautions to exclude air or ambient laboratory lighting were taken during this 
procedure. 
III.3.8. Preparation of  (1,3-diethoxycarbonyl-2-mercaptoazulen-6-
yl)(triphenylphosphine)gold (7) SAM film 
Commercial gold-coated silicon (Platypus Technologies) and house-coated Au on 
mica substrates were soaked sequentially in distilled CHCl3, acetone, and 200-proof 
ethanol for one to two hours in each solvent separately.  After drying with a stream of N2 
gas, ellipsommetric physical constants of the bare gold substrate were measured.  The 
SAM film was formed by soaking a 2mM solution of 7 in distilled CHCl3 for 
approximately 24 hours.  The substrate was then removed from the solution, rinsed 
thoroughly with distilled CHCl3, and dried in a stream of N2 gas.  No precautions to 
exclude air or ambient laboratory lighting were taken during this procedure. 
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Figure III.7 – Structures of molecules 1, 2, 3, 4, 5, 6, and 7 
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III.4 Results and Discussion 
Studying mercaptoazulene SAMs presents some characterization challenges 
compared to SAMs of the related isocyanoazulenes.  The isocyanide functional group 
serves not only as a good junction for coordinating an azulenic framework to the gold 
surface with controlled orientation, but also as a sensitive infrared spectroscopic reporter 
providing important information regarding coordination mode and molecular orientation 
with respect to the surface normal.  Unfortunately, the SAM films of 1, 2, and 3 lack 
easily identifiable spectroscopic handles in the IR spectrum.  As discussed previously, 
surface IR measurements had been proven instrumental for analyzing SAMs of aliphatic, 
straight chain alkanethiols by detecting the position of the !(C-H) stretching bands 
corresponding to the methyl and methylene units of the hydrocarbon chain.  However, 
this approach is of limited, if any, utility in the characterization of the SAM films of 1, 2, 
and 3 due to background subtraction issues, as well as the relatively smaller number of C-
H bonds in the mercaptoazulene molecules compared to those in long, straight chain 
aliphatic hydrocarbons. 
 
Figure III.7 - Proposed upright coordination of 1, 2, 3, and 4, respectively, on Au(111) 
surfaces 
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Table III.2 Observed ellipsometric (Dobs) and calculated for upright coordination (Dcalc) 
thicknesses of SAMs of 1, 2, 3, and 4 on Au(111) 
 1 2 3 4 
Dobs (Å) 10.9±0.6 12.3±2.0 12.9±1.9 11.7±1.9 
Dcalc (Å) 10.4 10.4 13.3 10.4 
 
 Ellipsometrically determined thicknesses of several novel mercaptoazulenic SAM 
films, as well as the corresponding theoretically estimated values for the upright 
molecular adsorption are provided in Table III.2.  In the case of the crystallographically 
characterized 1 and 3 32, 33, the X-ray data were used to obtain the Dcalc values, which 
include  the typical Au-S bond distance of 2.45 Å. 36  This assumes the molecules are 
oriented parallel to the surface normal as shown in Figure III.7 and feature a straight Au-
S-C bond angle.  It is also expected that the dimension of 2 along its molecular axis 
should be identical to that of 1 upon adsorption.  Comparing the experimental and 
calculated data for the mercaptoazulene films in Table III.2, it is reasonable to conclude 
that all of these films constitute monolayers, even though the ellipsometric evidence 
should be regarded as circumstantial. 
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Table III.3 – Observed ellipsometric thicknesses of SAMs 1, 2, and 3 over time 
Compound Day Thickness (Å) 
1 1 15.9±0.7 
20 15.7±2.6 
2 1 12.3±2.0 
15 13.4±3.4 
3 1 12.8±1.9 
4 10.7±1.7 
 
The stabilities of SAMs of 1, 2, and 3 on gold substrates were studied via 
ellipsometry over time.  These films appear to be stable for a minimum of several days 
before film quality degrades.  No precautions against lighting or air were taken during 
these experiments. 
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Figure III.8 IR spectrum of 4 in THF solution and on Au(111) surface 
 In order to obtain direct spectroscopic evidence for the formation of 
mercaptoazulenic SAM films, adsorption of compound 4, that has nitrile substituents at 
positions 1 and 3 of the azulenic scaffold, on gold was then considered.    This compound 
features the same 2-mercaptoazulene framework as 1 and 2.  Organic nitriles usually 
absorb IR radiation in the range of 2200 – 2230 cm-1, which is not obscured by signals 
from other functional groups.  Thus, they may serve as convenient spectroscopic 
reporters in the analysis of adsorption of 4 on metallic gold.  The IR spectra collected for 
4 in THF solution and coordinated to an Au(111) substrate are presented in Figure III.8.   
Only one !(CN) band at essentially the same energy is observed for both 4 in solution 
and 4 adsorbed on Au(111).   
!"#
#
The above finding is important for two reasons.  First, because there is a strong 
!(CN) signal in the surface IR spectrum, the molecules of 4 must be present on the 
surface and their nitrile oscillators cannot be oriented parallel to the surface due to the 
surface IR  selection rules discussed in Chapter 1 of this Thesis.  Second, the molecules 
of 4 are not coordinating to the surface via either  nitrile group otherwise the position of 
the !(NC) peak would likely shift  to reflect changes in the electronic environment around 
theseis substituents, akin to what was documented for organic isocyanides chemisorbed 
to a metal surface.  Combining the above IR evidence with the ellipsometrically 
determined film thickness of 11.7±1.9Å, it is clear that the molecules of 4 adsorb in an 
approximately upright fashion on Au(111).  The value of Dobs documented for the SAM 
film of 4 correlates nicely with those obtained for the SAMs of mercaptoazulenes 1 and 
2, thereby giving further credence to the upright orientation of the molecules in the SAMs 
of 1and 2 on gold. 
 
  Figure III.9 Proposed orientation of 5 on Au surface 
In addition to the 6-mercaptoazulene derivative 3, originally synthesized by Dr. 
Alexander Vorushilov of the Barybin group, another 6-mercaptoazulene derivative, 
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namely 1,3-diethoxycarbonyl-2-chloro-6-mercaptoazulene, 5, has recently become 
available through synthetic efforts of Kolbe Scheetz (Figure III.9).  A thin film of 5 on 
Au(111) was formed and characterized in a manner similar to how it was done for other  
mercaptoazulene SAMs described above.  The ellipsometrically determined thickness of 
the film of 5 on gold was 14.6±1.9 Å.  This value compares well with the theoretically 
estimated film thickness, Dcalc, of 13.5 Å, which assumes a perfectly upright coordination 
of the corresponding thiolate, a straight Au-S-C bond angle, and a typical Au-S bond 
length of 2.45 Å. 
In the quest for the hitherto elusive 2,6-dimercaptoazulene moiety, Kolbe Scheetz 
of the Barybin group recently succeeded in synthesizing and isolating the first 2,6-
dimercaptoazulene derivative, namely 1,3-diethoxycarbonyl-2,6-dimercaptoazulene, 6, 
shown in Figure III.10.   
"
Figure III.10 – Structure of 1,3-diethoxycarboyl-2,6-dimercaptoazulene, 6, showing 
intramolecular H-bonding interaction between the 2-mercapto group and an ester 
carbonyl. 
A gold(111) substrate was immersed into a solution of 6 in CHCl3 to form a thin 
film which was characterized by optical ellipsometry and RAIR spectroscopy.  Because 
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the two mercapto groups of 4 are in significantly dissimilar chemical environments - one 
being attached to the seven-membered ring while the other being attached to the five-
membered ring and also being engaged in a hydrogen bonding interaction with an ester 
carbonyl - the !(SH) stretching bands for these mercapto substituents are markedly 
different in their energy and width.  The IR spectrum of 6 in KBr features a sharp !(S-H) 
peak at 2540 cm-1 corresponding to the 6-SH substituent and a much broader band at 
2450 cm-1 due to the 2-SH functionality.  The lower energy and substantially greater 
width of the latter !(S-H) band is almost certainly a consequence of the hydrogen 
bonding interaction mentioned above.  Thus, it might be reasonable to consider the !(S-
H) data in attempting to differentiate which mercapto terminus of 6 is engaged in forming 
the Au-S bond upon adsorption of 6 on gold, if such discrimination, happens at all.  
Preliminary IR spectroscopic results, that are illustrated in Figure III.11, turned out to be 
inconclusive at this point as there is no discernible !(S-H) signal in the surface IR 
spectrum of the film of 6 on gold.  
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Figure III.11.(A) FTIR spectrum of 6 in KBr.  (B) RAIR spectrum of 6 on Au(111)  
 
  
Figure III.12. Possible binding outcomes upon adsorption of 6 on Au(111). 
 In principle, 6 can coordinate to the Au(111) surface in at least three distinct 
ways, as shown in Figure III.12.  Indeed, either of the mercapto termini or even both of 
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them may be envisioned to bind to the gold surface.  Although the 6-mercapto oscillator 
gives a !(S-H) band of a relatively weak intensity compared to various other IR-active 
functional groups, it does show up quite definitively in solution, Nujol mull, and KBr 
samples of 6.  Thus, if the 2-mercapto terminus of 6 is engaged in adsorption to the gold 
surface, the !(S-H) signal for the uncoordinated 6-mercapto group might be detectable in 
the RAIR spectrum of the corresponding film.  However, no such signal was observed.  
This result does not necessarily imply that 6 adsorbes to Au(111) via the 6-mercapto end 
or via both mercapto termini as the intensity of this expected !(SH) peak could certainly 
be greatly affected by the orientation of the uncoordinated S-H bond with respect to the 
metal surface (see surface IR selection rules in Chapter 1).  The ellipsometric  thickness 
of the film of 6 on Au(111) was measured to be 11.6±3.1 Å, which is reasonably in line 
with the calculated thickness of ca. 11.8 Å expected for an upright adsorption of the 
molecule via either of its mercapto termini.  The above film thickness value suggests that 
few, if any, molecules of 6 are chemisorbed to the gold surface via both mercapto 
junctions, although formation of a multi-layer cannot be completely ruled out.  
Nevertheless,  given the lack of a definitive !(SH) band corresponding to the 6-SH 
substituent, supports a tentative argument that 6 might be tethered to the surface through 
its less sterically encumbered mercapto substituent attached to the seven-membered ring 
of the azulenic moiety.  Again, this tentative conclusion is circumstantial at best as there 
is currently no absolutely definitive IR-spectroscopic evidence available to support the 
claim. 
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Figure III.13. – Proposed adsorption of complex 7 on an Au(111) surface.   
 Interestingly, Kolbe Scheetz has very recently demonstrated that the 
dimercaptoazulene 6 can be metallated in a perfectly regioselective and quantitative 
manner upon treatment with one equivalent of Ph3PAuCl under basic conditions to afford 
the monometallic complex 7 shown in Figure III.13.  X-ray structural characterization of 
7 revealed metallation of the 6-SH terminus of 6. 34  Formation of SAM films of 7 on 
Au(111) was attempted in this Thesis work.  The molecular structure of 7 is certainly 
significantly larger than any of the other mercaptoazulenes studied by the Barybin group 
to date and also has the greatest potential for forming a disordered SAM due to the bulky 
nature of the gold-triphenylphosphine unit.  Similar to all other mercaptoazulenes with 
the exception of 4, compound 7 lacks useful IR spectroscopic reporters in its structure.  
Ellipsometric data collected for the films of 7 on Au(111) gave an average film thickness 
of 20.8±6.4 Å, which is 4% taller from the expected thickness of the film calculated by 
examining the crystal structure of 7 and including the Au-S bond distance of 2.45 Å (vide 
supra).  
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III.4 Conclusions and Outlook 
 Self-assembled monolayer (SAM) films of mercaptoarenes on metal surfaces are 
of substantial multidisciplinary interest as platforms for developing new advanced 
materials relevant to nanotechnological applications, including organic electronics.  Until 
the work reported herein, most mercaptoarene SAMs incorporated benzenoid aromatic !-
systems.  In this Chapter, the first SAM films of mercaptoazulenes have been described.  
Our fixed-wavelength ellipsometric measurements suggest a monolayer nature of most of 
these films in which the adsorbed molecules orient approximately upright (i.e., linear Au-
S-C units) with respect to the Au surface. Notably, the tilt of the aromatic rings in 
benzenoid aryl thiolate SAMs has been shown to vary widely from being vertical to 
almost parallel to the gold surface.  Compound 4 is an especially interesting molecule, for 
it contains two spectroscopic reporters, nitrile groups, which greatly facilitated the 
surface IR studies.  The SAM of 4 on Au(111) reported herein represents the first 
organothiolate film to be observed with the help of ancillary nitrile functional groups, to 
the best of the author’s knowledge.  The IR and ellipsometric evidence presented here 
excludes any significant nitrile-gold interactions in addition to the Au-SR (R = 1,3-
dicyano-2-azulenyl) bonding for the SAM of 4 on Au(111). Thus, the cyano substituents 
in the SAMs of 4 do indeed serve as ancillary spectroscopic handles.  By considering the 
coordination of 4 on the Au(111) surface, the nature of the analogous SAMs of 
mercaptoazulenes 1 and 2 can be better understood as well. 
Preliminary studies of the adsorption of the linear dimercaptoazulene derivative 6 
on gold indicate that the molecule appears to bind to the metal surface via its less-
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hindered 6-mercapto terminus, although this tentative claim should be taken “with a grain 
of salt”.  The availability of the monometallic complex 7, in which the 6-mercapto end is 
selectively metallated, provides a path for future work to orient the azulenic dipole of the 
2,6-dimercaptoazulene moiety in one direction upon adsorption of this monometallated 
species on the gold surface. 
 In general, the accessibility of the novel mercaptoazulene SAMs on metallic gold 
surfaces presents a hitherto unavailable intriguing opportunity to experimentally probe 
the conductivity characteristics of the azulenic framework along its molecular axis.  In 
addition, future work should include studies of mercaptoazulenic films by XPS to gain a 
deeper insight into the nature of the coordination of these molecules to the Au(111) 
surface.  These XPS studies might be especially interesting in assessing the adsorption of 
dimercaptoazulene 6 to the gold surface to elucidate our understanding of which sulfur is 
binding to the Au(111) surface. 
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CHAPTER IV 
IV. SAM Displacement Studies Involving Isocyanoazulenes and Mercaptoazulenes 
Adsorbed on Au(111) 
Portions of this work have been published in: 
Neal, B. M.; Vorushiolov, A. S.; DeLaRosa, A. M.; Robinson, R. E.; Berrie, C. L.; Barybin, M. 
V. Ancillary nitrile substituents as convenient IR spectroscopic reporters for self-assembly of 
mercapto- and isocyanoazulenes on Au(111) Chemical Communications, 2011, 47, 10803-
10805.  
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IV.1 Introduction 
 Before the field of molecular electronics can mature and become viable for application, a 
better understanding of the properties of molecular junctions is necessary. 1-3  Many of the 
molecular systems discussed in the previous Chapters are of interest for their potential abilities to 
act as charge transport materials.  Figure 1 shows the basic diagram of a molecular junction on a 
surface. 
 
Figure IV.1 - Illustration of a molecule bound to a surface that emphases the various components 
of the molecular junction.  A) the interface between the molecule and outside environment  B) 
the molecule – surface junction. 
Usually, the junction that tethers the molecule to the surface is a functional group; e.g.,a 
thiolate (see Chapter 3 of this Thesis for examples and discussion)  or an isocyanide (see Chapter 
2 of this Thesis for examples and discussion).  In studies of isocyanides bound to Au(111), 
RAIRS evidence shows an increase in the CN bond strength upon coordination of the 
isocyanides to the metal surface, see Table I.1 in Chapter 1, signifying donation of the  terminal 
isocyanide carbon atom’s lone pair, which is somewhat antibonding with respect to the C!N 
bond.  The blue shift in "(NC) also indicates that there is little to no ! backbonding taking place 
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between coordinated isocyanide molecules and the Au atoms of the metallic gold. 4  The two 
complementary components of the !1 coordination of an isocyanide to a transition metal atom, " 
bonding and # back-bonding, are illustrated in Figure IV.2. 
 
Figure IV.2 - Two complementary components of interaction of an organic isocyanide with a 
transition metal atom/ion.  Left: "-bonding involving isocyanide’s lone pair and a metal’s vacant 
valence orbital.  Right: #-backbonding involving a virtual #* orbital of the isocyanide unit and a 
filled d-orbital of !-symmetry of the metal atom/ion.  Reproduced with permission from Ref. 5. 
There are many different known sulfur containing junction groups that are capable of 
forming SAMs on gold, such as thiolates, R-S-, sulfides, R-S-R, disulfides, and R-S-S-R, where 
R is the tail group of the molecule. 6, 7  In the case of thiolate film formation from the 
corresponding thiols, while the exact mechanism is unknown, it is generally agreed that the 
process involves generation of dihydrogen 6, 7 or possibly, if oxygen is present, water. 6  
Regardless of the pathway, the resulting S-Au bond is a strong bond worth of 44 8 to 50 kcal/mol. 
9  Reports have shown that the C-Au bond is a weaker bond compared to the S-Au bond at 
roughly half the worth. 10  In contrast, via STM break junctions, the Au-C bond in aryl 
isocyanide systems has been found to be comparable in strength to the Au-S bond in 
benzenethiol and both bonds stronger than Au-Au bonds. 11  Additionally, while isocyanide 
SAMs on Au(111) coordinate to the surface on atop sites, it has been shown that aliphatic 
! bond
" back-bond
C N R:M
empty 
d or p-orbital
filled 
!#-orbital
C N RM
:
filled 
d-orbital
empty 
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thiolate monolayers form with the sulfur atoms sitting in three-fold hollows on the surface 6-8, 12 
as shown in Figure IV.3. 
  
 
Figure IV.3 - A representation of the packing structure of an alkanethiol SAM on the Au(111) 
surface.  The gold circles represent the Au atoms and the red circles represent the sulfur atoms 
occupying a three-fold hollow site. 
 For use in practical molecular electronic devices, the materials used must have well 
defined characteristics such as their stabilities and conductivities.  As discussed in Chapter 2, 
many isocyanoarenes and diisocyanoarenes molecules have been proven to exhibit oxidation of 
isocyanide to form isocyanate, -C=N=O.  There are reported cases, such as in the case of many 
azulenic moieties 13-15, of isocyanide molecules that have not undergone such oxidation.  Indeed, 
while oxidation of many isocyanoarenes was seen within minutes spectroscopically 16, 17, no 
oxidation was observed in films of 1,3-diethoxycarbonyl-2,6-diisocyanoazulene for weeks. 13   
Conductance characteristics of single molecule bridges involving 1,4-diisocyanobenzene, 
1,4-benzenedithiol, and 1,4-dicyanobenzene have been reported. 11  Using a STM break junction 
set up, the conductance of the 1,4-diisocyanobenzene was found to be similar, albeit slightly 
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lower, than that determined for the 1,4-benzenedithiol molecules.  The 1,4-dicyanobenzene 
turned out to be an appreciably poorer conductor than the other two molecules attributed to a 
smaller electron attenuation factor, !, in part because of a weaker Au-NC bond strength 
compared to the similarly strong Au-S and Au-CN bonds.  In addition using the shape of the 
conductance trace information collected, it was determined that the Au-S and Au-C bonds were 
stronger than the Au-Au bond on the Au(111) surface indicating that when the junction was 
broken, failure was due to removal of gold atoms from either the tip or the surface and not a 
breaking of the molecules themselves.  Using the same experimental setup with platinum 
electrodes, the authors showed that the conductance characteristics of 1,4-diisocyanobenzene and 
1,4-benzenedithiol were comparable to one another.  In both cases, these conductivity values 
were an order of magnitude greater than those documented for the corresponding Au systems. 18   
Using a mechanically controllable break-junction (MCBJ) to analyze the charge transport 
properties of 1,4-benzene-dithiol and PDI, it was determined that, under UHV conditions, the 
isocyanide junction was superior compared to the thiol. 19  This conclusion was reached by 
comparing the plotted low-bias conductance histograms and variable-bias I-V characteristics.  
The observed peak width was related to variations of configurations of the molecules. 
$
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In comparing SAM films of oligoacenes with either thiol or isocyanide junctions, shown 
in Figure IV.4, the barrier between the HOMO level of the molecules and the Fermi level of 
Au(111) was observed. 20  The ultraviolet photoemission spectroscopy (UPS) measurements 
determined the barrier was smaller for the thiol films compared to the corresponding isocyanide 
films.  From CP-AFM measurements, the effective contact resistance of the isocyanide 
molecules was shown to be roughly three times greater than that of the thiol molecules.  Because 
of the nature of the experiment, this difference was attributed to the contact resistances of the 
Au-CN-molecule and Au-S-molecule systems. 
$
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Determination of the alignment of the Fermi level of metal substrates with the HOMO 
and LUMO levels of the attached molecules is important for gaining insight into the mode of 
conduction of molecular systems, namely electron tunneling versus hole conduction.  Electron 
tunneling will occur when the Fermi level is energetically closer in alignment to the LUMO 
while hole conduction will occur when the Fermi level is closer in energy to the HOMO. 21  By 
measuring the voltage at which the charge transport mechanism of !-conjugated molecules 
changes from direct tunneling to field emission and plotting this against the work function of 
various metals, Frisbie, et al. probed the Fermi level – molecular orbital alignment for OPE 
systems of isocyanide and thiol on Ag, Pd, Au, Pt. 21  The thiol OPE turned out to conduct via 
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hole conduction while the isocyanide OPE was found to conduct via electron tunneling.  Based 
on their results, the authors concluded that the Ag-CN junction would provide the smallest 
barrier and therefore the least resistance in the metal-isocyanide systems probed. 
Investigating the effect of changing the junction group with the same OPE molecules on 
gold substrates shown in Figure IV.5 above showed that both junctions caused changes in the 
Fermi level alignment of the metal to the HOMO level of the molecule, 22 as discussed above. 20  
UPS experiments indicated that the thiolate junction leads to a closer alignment of the barrier 
between the Fermi level and the HOMO as compared to the isocyanide.  The key factors behind 
this difference are thought to be the nature of bonding between the metal substrate and the 
junctions ,i.e., the bonding between the Au and the sulfur atom allows for a charge transfer from 
the Au to the sulfur creating a dipole moment which shifts the Fermi level toward the HOMO of 
the molecule while a charge transfer occurs from the carbon’s lone pair to the Au for the 
isocyanide leading to widening of the Fermi level-HOMO gap. 
Reddy et al. used thermoelectric measurements obtained by AFM at known temperature 
differentials to gain insight into the alignment of the Fermi level and the frontier molecular 
orbitals of aromatic thiols and the aromatic isocyanide 4-isocyano-1,1':4',1''-terphenyl. 1  By 
calculating the thermopower parameters for various junctions and noting the sign of their values, 
it was determined from the positive thermopower obtained for the thiol systems that their 
electrical transport is hole dominated, which is consistent with the HOMO levels being closest to 
the Fermi level.  In contrast, the transport through the isocyanide was electron tunneling as the 
isocyanide thermopower value was negative, thereby suggesting, along with calculations, that the 
Fermi level is closest to the LUMO. 
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Molecular diodes, shown in Figure IV.6 were used to study the effect of the thiol and 
isocyanide junction groups on rectification. 23  Monolayers of dodecanethiol were exposed to 
these molecules to form mixed monolayer systems to which Au nanoparticles were attached to 
the free thiol junction on the diodes and were subsequently analyzed using scanning tunneling 
spectroscopy.  The current vs. voltage curves showed the two molecules rectified current 
opposite of one with the thiol coordinated diode showing almost four times the rectification ratio 
compared to the isocyanide coordinated diode.  Rectification current was defined as dividing the 
observed current at +1.5V by the current observed at -1.5V.  Using calculations and control 
experiments, differences in the induced bond dipole at the surface were indicated to cause the 
opposite observations in rectification for otherwise structurally similar molecules.   
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Molecular nanofuses based on the p-tertphenyl moiety, Figure IV.7 were theorized and 
compared computationally. 24  Calculations on dithiol, dicyano-, and diisocyano- derivatives 
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bridging gold surfaces indicate that the dithiol species have a greater ratio of current comparing 
the “on” form of the molecule, seen in Figure IV.7 to the “off” structure at the same calculated 
bias voltages running through each molecule.   This was rationalized by comparing the HOMO 
of both the “on” and “off” dithiol species and the LUMO of both the “on” and “off” diisocyanide 
species.  It was calculated that the HOMO of the “on” dithiol species covers the entire molecule 
while the HOMO of the “off” species is localized on one half of the molecule and not the other.  
In the case of the diisocyanide, the LUMO covers the length of both the “on” and “off” species.  
The same argument made for the diisocyanide “on”/ “off” ratio is made to justify the lower 
on/off ratio of a dicyano substituted system.  Additionally, it was calculated that a bias voltage of 
up to six volts would be required to cause the switch from “on” to “off” for the isocyano species. 
While there are many comparisons of the electronic properties of structurally similar 
isocyanide and mercaptan molecules as discussed above, there are fewer studies comparing how 
these molecules compete for binding to surfaces.  One of the earliest comparisons was performed 
by Kubiak, et al, when studying the displacement of octadecanethiol from an Au(111) surface by 
diisocyanides25 exhibited in Figure IV.8. 
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Figure IV.8 - Octadecanethiol (1) and various diisocyanides studied by Kubiak on Au(111) in 
Ref. 25. 
Films of the diisocyanides were proven to form good monolayers on the surface by 
characterization of ellipsometry and RAIR.  The work found several interesting results.  First, it 
is possible to displace SAMs of octadecanethiol with the diisocyanides if the solvent used in the 
competition experiment was both aprotic and anhydrous.  Conversely, if the solvent used for the 
competition portion of the experiment was protic or wet, no displacement of the original 
octadecanethiol SAM occurred.  The differences in behavior were attributed to the ability of the 
solvent to solvate the existing octadecanethiol’s alkyl chain with greater solvation, caused by less 
polar solvents, resulting in displacement by the various isocyanide moieties shown in Figure 
IV.8. 25  As with studying the formation of the films sans displacement, the displacement studies 
were characterized using the same ellipsometric and RAIR techniques. 
 As noted previously, studying the properties and self assembly of various functionalized 
molecules on Au(111) has not only advantages with respect to relatively easier working 
conditions but also in that various different functional groups and molecular chains have been 
studied extensively.  Pranger, et al. have studied Cu surfaces and the relative binding affinity of 
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various functional groups to these substrates using displacement studies. 26  In their work, they 
directly compared para-disubstituted benzene moieties with diisocyano, dithiol, dicarboxylic 
acid, dinitrile, and diisothicyanate functional groups for their affinity to freshly prepared Cu 
substrates.  Studying the XPS spectra and polarization modulation infrared reflection absorption 
spectroscopy (PM-IRRAS) of films formed from these competition experiments determined that 
the !,"-dithiol and diisocyanide alkyl moieties had similar adhesion to the surface, based on the 
fact that the were present in roughly equal concentrations. 
Pranger has noted that when the disubstituted alphatic dithiols and diisocyanides were 
competed against one another, not only did the two both absorb to the surface, but that both 
isocyanide junctions coordinated while only one of the thiol junctions absorbed leaving the other 
uncoordinated.  While comparing 1,4-benzenedithiol to other difunctionalized benzenes besides 
1,4-diisocyanopehenylene, they found both sulfur atoms coordinated to the surface but with the 
1,4-diisocyanophenylene only one isocyanide coordinated to the copper.  Competition 
experiments between the analogous dithiol and diisocyano benzene were attempted, but the two 
chemicals reacted with one another in solution leading to less definitive results compared with 
the aliphatic molecule’s comparison.  
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IV.2 Work Described in Chapter IV 
 This Chapter discusses competitive displacement studies performed between various 
isocyanoazulene and mercaptoazulene species on Au(111) surfaces to determine if preferential 
binding of one of the species is observed.  Additionally, the formation and study of the SAM 
films of two new isocyanoazulene moieties is detailed.  The experimental methodologies of these 
studies will be discussed culminating with possible future directions at the end of this Chapter.   
!!"#
#
IV.3 Experimental Section 
IV.3.1. General Procedures, starting materials and equipment.  
The mercarptoazulenes used in these studies were prepared as published elsewhere15 and 
properties of their films on gold are discussed in Chapter III of this Thesis.  2-Isocyano-1,3-
dimethylazulene was synthesized by John J. Meyers, Jr. of the Barybin group. 27  2-Amino-1,3-
dicyanoazulene28 and acetic-formic anhydride29 were synthesized according to published 
procedures.  All other reagents were obtained from commercial sources and used as received.  
Davisil (200-425 mesh, type 60A) silica gel was used for chromatographic purifications. 
Unless specified otherwise, all operations were performed under an atmosphere of 99.5% 
argon further purified by passage through columns of activated BASF catalyst and molecular 
sieves.  All connections involving the gas purification systems were made of glass, metal, or 
other materials impermeable to air.  Solutions were transferred via stainless steel needles 
(cannulas) whenever possible.  Standard Schlenk techniques were employed with a double 
manifold vacuum line. Dichloromethane and triethylamine were distilled over CaH2.  
Chloroform was distilled over P2O5.  Following purification, all distilled solvents were stored 
under argon.  All solvents employed in chromatographic procedures were used as received from 
commercial sources.  Solution infrared spectra were recorded on a PerkinElmer Spectrum 100 
FTIR spectrometer with samples sealed in 0.1 mm gas-tight NaCl cells.  NMR samples were 
analyzed using a Bruker DRX-400 spectrometer.  1H and 13C chemical shifts are given with 
reference to residual 1H and 13C solvent resonances relative to Me4Si.   
Gold-coated mica substrates were either purchased from Platypus Technologies or were 
fabricated in the Berrie lab using an Edwards Auto 306 rotary evaporator.  “House” Au(111) was 
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deposited on freshly cleaved sheets of mica under a vacuum pressure of ca. 1.5 x10-7 torr with a 
deposition rate of about 1 Å/sec, as measured by a quartz crystal microbalance.  Gold films were 
coated between 250 and 300 Å thick and were subsequently stored under high vacuum or inert 
atmosphere conditions until use.  Commercial silicon wafers, coated with a 50 Å titanium 
adhesion layer and then with ca. 1000 Å of gold, were purchased from Platypus Technologies. 
Unless otherwise stated, all substrates were soaked in distilled CHCl3, acetone, and 200-
proof ethyl alcohol for one to two hours in each solvent with no precautions against exposure to 
ambient air or lighting.  Substrates were then removed and dried in a stream of N2 gas.  Physical 
constants of the substrates were measured using a Rudolph Research Auto El III fixed 
wavelength ellipsometer.  Measurements were made with a 632.8 nm wavelength HeNe laser.  
The optical constants of each individual cleaned, bare gold substrate were measured prior to its 
exposure to isocyanide or thiol solutions.  These optical constants were used to determine the 
thickness of the organic film covering the substrate upon isocyanide or thiol exposure and 
subsequent workup of the sample.  Typical values of n ranged from 0.161 to 0.181 and K values 
from 3.52 to 3.55.  A refractive index of 1.45 was assumed30 for the SAMs described in this 
chapter.  At least five separate spots on the substrate were analyzed to determine both the optical 
constants and the film thicknesses.  The film thickness values reported herein constitute averages 
of these measurements with the corresponding standard deviations given in parentheses.   
All surface IR experiments involved grazing angle reflection absorption Fourier 
transform infrared spectroscopy.  These data for the SAMs films were obtained on a Thermo 
Nicolet 670 FTIR spectrometer with a VeeMax grazing angle accessory set up at an incident 
angle of 70°.  Prior to acquiring an IR spectrum of each SAM sample, a background spectrum 
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was recorded using a corresponding similarly treated bare Au substrate.  Typically, 1000 scans 
from 600 to 4000 cm-1 at 4 cm-1 resolution were collected for both the background and sample 
spectra. 
IV.3.3. Preparation of 2-isocyano-1,3-dimethylazulene (1) SAM films 
Gold-coated mica substrates from Platypus technologies and house-coated Au(111) were 
used in the formation of monolayers of this azulene derivative.  Prior to their use, both kinds of 
substrates were cleaned as outlined in the General Procedures section.   
After drying with a stream of N2 gas, ellipsometric physical constants of the bare gold 
samples were taken.  Monolayer films of 1 were formed by immersing a freshly cleaned gold 
substrate into a 2 mM solution of 1 in distilled CHCl3 for ca. 24 hrs.  Then, the gold sample was 
removed, rinsed thoroughly with either distilled CH2Cl2 or CHCl3, and dried in a flow of N2 gas.  
No precautions to exclude air or ambient laboratory lighting were taken during this procedure. 
IV.3.4. Synthesis of 1,3-dicyano-2-isocyanoazulene (2) 
An orange slurry of 2-amino-1,3-dicyanoazulene (1.02g, 5.28 mmol) in 50mL of neat 
acetic-formic anhydride was stirred for 15 hrs with gentle heating.  The reaction mixture was 
then brought to room temperature and a pink flamingo solid was filtered off, washed extensively 
with CH2Cl2, and dried under vacuum to afford the crude product (1.058 g, 4.78 mmol), 
presumably 2-formamido-1,3-dicyanoazulene.  Without further purification, a portion of this 
product (0.2337g, 1.056 mmol) was combined with triethylamine (0.5 mL, 3.6 mmol) and 
phosphorous oxychloride (0.14 mL, 1.5 mmol) in 25 mL of anhydrous CH2Cl2 under argon 
atmosphere.  The resulting solution/slurry was stirred for 15 min at room temperature and then 
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quenched with 100 mL of 10% KHCO3.  The organic layer was separated and the aqueous layer 
was washed with 30 mL of CH2Cl2.  The combined organic fractions were washed with water 
(4!30 mL) and dried over anhydrous Na2SO4.  The drying agent was filtered off.  The filtrate 
was concentrated under vacuum and subjected to chromatography on a short silica gel column 
(ca. 10 cm length ! 5 cm OD) using neat CH2Cl2 to elute a purple band.  All solvent was 
removed under vacuum and the residue was dried at 10-2 torr to afford 2 (0.1215g, 0.5985 mmol) 
as somewhat air-sensitive, raspberry-colored microcrystals in a 52% yield based on 2-amino-1,3-
dicyanoazulene.  HRMS (m/z, ES-, 2 nM solution in CH3CN/NH4OAc): found for [M-H]- 
202.0401; calcd for C13H4N3 202.0405.  MS (m/z, ES+): 203.1 ([M+]).  FTIR (CHCl3): "(CN) 
2224 vs, 2114 s cm-1.  1H NMR (400 MHz, CDCl3, 25 °C): # 8.05 (t, 3JHH = 10 Hz, 2H, H5,7), 
8.31 (t, 3JHH = 10 Hz, 1H, H6), 8.87 (d, 3JHH=10 Hz, 2H, H4,8) ppm.  13C NMR (100.6 MHz, 
CDCl3, 25 °C): # 95.8, 112.1, 133.2, 141.1, 142.1, 144.8, 180.5 (isocyano -NC) ppm. 
IV.3.5. Preparation of SAM films of 2 
Gold-coated substrates from Platypus technologies were used in the formation of 
monolayers of this biazulene derivative.  Prior to their use, both kinds of substrate were cleaned 
as outlined in the General Procedures section.   
After drying with a stream of N2 gas, ellipsometric physical constants of the bare gold 
samples were taken.  Monolayer films of 2 were formed by immersing a freshly cleaned gold 
substrate into a 2 mM solution of 2 in distilled CHCl3 for ca. 24 hrs.  Then, the gold sample was 
removed, rinsed thoroughly with distilled CH2Cl2 or CHCl3, and dried in a flow of N2 gas.  No 
precautions to exclude air or ambient laboratory lighting were taken during this procedure. 
IV.3.6. General procedure for SAM displacement experiments 
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Displacement studies involved first forming and characterizing a SAM film of either an 
isocyanide or a mercaptan.  Then, the film on the gold substrate was soaked in a solution of the 
different compound of interest considered for the SAM displacement.  After 24 h, the substrate 
was removed, rinsed thoroughly with distilled CH2Cl2 or CHCl3, and dried in a flow of N2 gas, 
and the resulting film was characterized by ellipsometry and RAIRS. 
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IV.4 Results and Discussion 
Commercially available 2,6-Xylyl isocyanide (CNXyl, Xyl = 2,6-dimethylphenyl) has 
been the most widely used aryl isocyanide in coordination chemistry31 because of its reasonable 
thermal stability as well as satisfactory stability toward air.  Recently, John Meyers of the 
Barybin group has synthesized and crystallographically characterized 2-isocyano-1,3-
dimethylazulene (1). 27  The latter new nonbenzenoid isocyanoarene is remarkably air- and 
thermally stable and may be regarded as a direct structural analogue of benzenoid CNXyl.  In 
this work, SAM films of 1 were formed on Platypus Au and “house” Au on mica substrates by 
soaking them in 2mM “KU blue” colored solutions of 1 in distilled CHCl3 for 24h.  The films, on 
both kinds of the gold substrates were invariably of high quality, as judged by ellipsometric 
thickness measurements and a well-defined !(NC) band at 2167 cm-1 in the RAIRS spectra of the 
monolayers, shown in Figure IV.9.  Remarkably, these SAMs appeared to be unchanged for days 
when stored in in an ambient laboratory environment.   
 
Figure IV.9 - IR spectra of 2-isocyano-1,3-dimethylazulene (1) in (A) a solution of CHCl3 and 
(B) adsorbed to a Au(111) substrate. 
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The ellipsometric film thickness measurements  were consistently 10.5±0.6 Å.  These 
values compare nicely with the theoretically estimated thickness of 10.7 Å expected for the 
perfectly upright !1 coordination of 1 on the gold surface. 15  In addition, the surface IR spectra 
of the SAMs of 1 clearly show one !(NC) band at higher energy compared to !(NC) observed for 
the solution spectrum of the compound and lack any features attributable to uncoordinated 
molecules of 1 or oxidation of 1 to the corresponding isocyanate.  In comparison, Swanson, et 
al., found small amounts of oxidation of 1,4-diisocyano-2,3,5,6-tetramethylbenzene when 
adsorbed onto gold surfaces using polarization-modulation infrared reflection-absorption 
spectroscopy. 17  The exceptional thermal and air stability of the films of 1 that provide a strong 
!(NC) signal has led to our use of such SAMs for periodic calibration of our Nicolet FTIR 
instrument. 
 
Scheme IV.1 - Synthesis of 2-isocyano-1,3-dicyanoazulene (2) from the corresponding amine 
precursor. 
The synthesis of 2 was greatly facilitated by the pioneering work of Dr. Randall 
Robinson, whom first made and reported preliminary characterization of the compound in the 
Barybin group.  It was from his initial work that the synthetic process was then improved upon.  
Starting from the yellow-orange 2-amino-1,3-dicyanoazulene, the flamingo pink 2-formamido-
1,3-dicyanoazulene was presumptively able to be produced in reasonable yields.  While the 
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amine was reasonably soluble, the formamide was sparingly soluble in organic solvents.  This 
lack of solubility made characterization incredibly difficult.  Of note, the best yields of the 
formamide were obtained when the formulation was carried out using neat acetic formic 
anhydride and proceeded poorly using in-situ generated acetic formic anhydride, which has 
worked well with other systems. 5, 32 
 After the presumed formamide was dried, it was reacted with triethylamine and 
phosphorous oxychloride to perform a dehydration reaction to produce 2 as the product.  The 
raspberry colored 2 could be purified by using column chromatography and proved much more 
soluble than the formamide.  It was found that 2 is somewhat air-sensitive and a microcrystalline 
material.  Of significance, the reaction should be performed under an argon environment and 
requires a significant amount of solvent to mostly dissolve the formamide for best results and 
highest yields.  The overall yield from the amine to 2 was found to be a respectable 52%.  Long 
term storage of 2 is possible inside of a refrigerator inside an inert, glove box environment.  
Interestingly, 2 and 1,3-dicyano-2-mercaptoazulene, SAMs of which are discussed in Chapter 3, 
are both obtainable from the same starting amino precursor. 
 The formation of SAMs of 2 were done without taking any precautions against ambient 
air nor lighting by soaking Platypus Au(111) substrates for twenty four hours in 2 mM solutions 
of (2) in distilled CHCl3.  The substrates were then removed and rinsed with distilled CHCl3 and 
dried using N2 gas and then analyzed via ellipsometry and surface IR techniques.  Ellipsometric 
measurements revealed the film thickness was 11.7±0.6 Å.  Considering previous research 
exploring structurally similar systems13, the calculated thickness was determined to be 10.7 Å.  
As the two numbers are very close to one another, this is indeed indicative of a single molecular 
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film forming on the surface in an upright orientation previously observed for isocyanide SAMs 
(please see vide supra and Chapter 2 of this Thesis for examples and discussion). 
 The FTIR spectrum of 2 in CHCl3 exhibits two characteristic !C"N bands at 2114 
and 2224 cm#1 that correspond to the isocyano and cyano oscillators, respectively.  Upon 
chemisorption of 2 on Au(111), the isocyano !C"N band broadens and undergoes a 42 cm#1 shift 
to higher energy while the cyano !C"N band red-shifts by 10 cm#1 compared to the solution 
spectrum of 2 , seen in Figure IV.10. 
 
Figure IV.10 - (A) FTIR spectrum of 2 in CHCl3.  (B) RAIRS spectrum of 2 on Au(111) surface.  
From Ref. 15. 
These changes, along with the ellipsometric film thickness measurements of 11.7 ± 0.Å, 
are consistent with coordination of 2 to the gold surface via the isocyano group in the terminal 
upright (or, “end-on”) fashion compared to the calculated thickness of 10.7 Å using X-ray data 
for other 2-isocyanoazulene derivatives 33 and assuming the Au-C bond length to be 2.0 Å. 3  The 
broadening of the isocyano !C"N band for 2 adsorbed on gold is likely caused by some 
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inhomogeneity in the adsorption sites, which is quite common for the Au(111) surfaces obtained 
through gold vapor deposition. 3  Donation of the isocyano carbon lone pair, which is 
antibonding with respect to the C NR interaction, to Au leads to strengthening of the isocyano C 
N bond and, hence, the blue shift in the corresponding !C"N band upon coordination of 2.  
However, this Au–CNR interaction slightly depletes the 1,3-dicyano-2-azulenyl moiety of its #-
electron density, which may explain the small red shift for the cyano !C"N band for 2 adsorbed on 
gold versus 2 in solution.  This finding nicely parallels the up to 10 cm$1 depression in !C"N 
frequencies documented for the “free” –NC ends of diisocyanoarenes chemisorbed on Au(111) 
compared to the !C"N values for the corresponding compounds in solution. 3, 14 
 Direct comparison of the relative affinity of various mercaptoazulenes and their 
analogous isocyanoazulenes has been performed.  In these experiments, a SAM of either a 
mercapto- or isocyanoazulene is formed and characterized on the Au(111) surface as outlined 
previously.  Once the monolayer’s integrity has been characterized, the substrate is placed into a 
solution of a corresponding analogous molecule.  Figure IV.11 illustrates the process. 
 
Figure IV.11 - An illustration of the process of the displacement studies 
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In the example in Figure IV.11 a monolayer of an isocyanide has been formed and characterized.  
The substrate with the isocyanide film is then placed in a solution of the mercaptan and exposed 
for ca. twenty four hours before the substrate is removed and characterized again to monitor for 
any changes. 
 One of the most obvious experiments done was testing the displacement of 1 by 2-
mercaptoazulene and vice versa.  As seen in Figure IV.12 when analyzing a film of 2-
mercaptoazulene being exposed to the structurally very similar 1, the changes in the surface IR 
spectra are negligible. 
 
Figure IV.12 - Displacement experiment testing 1’s ability to displace an existing SAM of 2-
mercaptoazulene on Au(111). 
As expected, there is no !NC signal seen in the spectrum of the 2-mercaptoazulene SAM 
in the IR.  After 24 hours of exposure to 1 in CHCl3, there is no definitive !NC stretching peak 
observed.  However, in the opposite experiment where a SAM of 1 is formed and characterized 
before being exposed to the mercaptan, very obvious changes can been noticed, as seen in Figure 
IV.13. 
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Figure IV.13 - Displacement experiment testing 2-mercaptoazulene’s ability to displace an 
existing SAM of (1) on Au(111). 
 Here in Figure IV.13, it is seen that the SAM of 1 has its hallmark !NC peak at 2168 cm-1 
corresponding to the formation of a well-packed monolayer).  After exposure to the mercaptan, 
however, the !NC peak is not observed in the new spectrum indicative that the 2-mercaptoazulene 
is capable of displacing existing films of on Au(111) surfaces.  This result is not definitive as to 
exactly what is happening because of the lack of an unambiguous spectroscopic reporter on the 
mercaptan. 
 This ambiguity is resolved when comparing the films of 2 and 1,3-dicyano-2-
mercaptoazulene.  As discussed in Chapter 3, 1,3-dicyano-2-mercaptoazulene is a significant 
molecule for its incorporation of ancillary spectroscopic reporters, the nitriles, to aid in surface 
IR characterization of its SAMs.  Work done has shown that the molecule does not coordinate to 
the Au(111) surface via the nitrile groups, but rather through the sulfur and that the molecule 
forms monolayers well.  When compared to 2, this mercaptan may be considered the direct 
analogous structurally and electronically moiety, ruling both structure and electronics out as 
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possible reasons that the two molecules would coordinate differently for a reason other than the 
thiol or isocyanide junction groups affinity to the Au(111) surface. 
 
Figure IV.14 - Displacement experiment testing 1,3-dicyano-2-mercaptoazulene’s ability to 
displace an existing SAM of 2 on Au(111). 
Soaking a SAM of isocyanide 2 on gold in a 2 mM solution of 1,3-dicyano-2-
mercaptoazulene in dry THF for 24 h, followed by thorough rinsing of the sample with 
anhydrous solvents , led to displacement of the original monolayer and formation of the new film 
identified as that of 1,3-dicyano-2-mercaptoazulene.  Indeed, the RAIR spectrum of the sample 
indicated complete disappearance of the band at 2156 cm!1 corresponding to "C#N of the Au-
bound isocyanide junction, Figure IV.14. In addition, the "C#N peak due to the cyano groups 
moved from 2114 to 2118 cm!1. In fact, the resulting RAIR pattern was very similar to that of 
the SAM prepared from a solution of 1,3-dicyano-2-mercaptoazulene and “bare” gold (please see 
Chapter 3 of this Thesis).  
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Figure IV.15 - Displacement experiment testing 2’s ability to displace an existing SAM of 1,3-
dicyano-2-mercaptoazulene on Au(111). 
The reverse experiment, i.e., exposing a pre-formed SAM of 1,3-dicyano-2-
mercaptoazulene to a solution of 2, produced minor RAIR changes at the baseline with no clear 
features assignable to !C"N of a gold-bound isocyanide as seen in Figure IV.15 above.  
Importantly, this is the first monolayer film displacement study involving the RSH and RNC 
species with identical substituents R.  In contrast, Kubiak et. al. previously demonstrated  that 
octadecanethiol SAMs on Au(111) can be displaced by diisocyanoarenes, such as CN(C6H4)nNC 
(n = 1 – 3), in aprotic anhydrous solvents. 25  In the latter case, despite stronger Au-S than Au-
CNR interactions, disruption of interchain packing via solvation of the adsorbed octadecanethiol 
molecules was thought to allow access to the surface by the isocyanide to effect disulfide 
reductive elimination. 25 
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IV.5 Conclusions 
This Chapter has described the synthesis of a new isocyanoazulene, 2, and characterized 
films of 1 and 2 on Au(111) surfaces.  Films of 1 have proven to be robust and survive in air for 
many days without any precautions taken against air.  The synthesis of 2 is convenient as it 
comes from readily accessed azulenic derivatives.  It was shown that incorporation of the nitrile 
ancillary spectroscopic reporters enhanced characterization of films of 2 on the surface.  Use of 
spectroscopic reporters on mercaptan 1,3-dicyano-2-mercaptoazulene greatly facilitated the 
probing of displacement studies of isocyano- and mercaptoazulene films on gold.  The 
displacement of the isocyano moieties exemplifies the higher affinity of the thiolate junction 
compared to the isocyano junction toward a gold surface. 
Further competition experiments would provide insight into the role of electronics of the 
molecules in preferential binding of azulenic thiols versus isocyanides.  Synthetic incorporation 
of nitrile reporters into the structures of other mercaptoazulenes will facilitate characterization of 
the corresponding novel molecular film materials. 
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V. Overall Conclusions and Outlook 
 This dissertation’s work has focused on the design of new azulenic materials and 
learning about their nature at the molecular level.  Whereas the majority of azulene 
derivatives used in materials applications feature 1,3-substitution at the azulenic nucleus, 
this work has considered the electronically complementary systems based on the linear 
2,6-azulenic scaffold that are attractive as organic electronics components.  Compared to 
linear benzenoid aromatic molecular linkers, the 2,6-azulenic motif offers several unique 
advantages such as a remarkably small HOMO-LUMO gap and significant intrinsic 
dipole (ca. 1.0 Debye) associated with the aromatic framework.  The latter phenomenon 
essentially makes the 2,6-azulenic scaffold being a potential molecular rectifier without 
the need of introducing chemically different substituents at the opposite ends of the 
aromatic moiety 
Detailed understanding of the physicochemical characteristics of azulenic 
molecular films is critical before beginning to study their charge transport properties on 
bulk metal substrates.  This Thesis has presented the chemistry of the first self-assembled 
monolayer films featuring  linear biazulenic motifs with three different connectivities of 
the azulene units, as well as and several derivatives of mercaptoazulenes.  The 
isocyanobiazulenic films were shown to adopt an approximately upright orientation of 
the molecules with respect to the Au(111) surfaces, as reported in Chapter 2.  This work 
has allowed understanding of the chemical environment of the isocyanide junction groups 
and the molecular arrangement on the surface, which should facilitate further studies 
aimed at addressing charge transport across the biazulenic molecular bridges. 
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In Chapter 3, the films of  several mercaptoazulenes were shown to have 
orientation of the molecules on the gold surface similar to that suggested for the 
analogous isocyanoazulene systems, i.e.,  approximately upright coordination of the 
molecules with respect to the surface.  Study of the interactions of mercaptoazulenes and 
the Au(111) surface were greatly facilitated by incorporation of ancillary spectroscopic 
reporters, cyano functional groups, on the azulenic framework.  These reporters observed 
in RAIRS spectra indicate that the 1,3-dicyano-2-mercaptoazulene films adopt upright 
orientations.  As we have proven that air-stable films of these mercaptoazulenes on 
Au(111) are now obtainable, future work into investigating the differences in the charge 
transport properties between isocyanoazulenes and mercaptoazulenes is possible.  The 
alignment of the Fermi level of the Au(111) surfaces and the molecular frontier orbitals 
of these mercaptoazulene units will be different compared to benzenoid systems, in part 
due to the fundamental difference in the aromatic delocalization energies of benzenoid 
and azulenic moieties.  Also, the complementary mechanism of charge transport for thiol 
and isocyanide junctions may prove critical for future nanoelectronic applications and 
can now be explored with respect to these isocyano- and mercaptoazulenes. 
 Displacement studies directly comparing the affinity of the thiol and isocyanide 
junctions toward Au(111) were performed.  By changing only the junction group in 
otherwise analogues molecules, the different affinities of each junction toward Au(111) 
was directly observed.  The displacement of isocyanoazulenes by the mercaptoazulenes 
reaffirms the higher affinity of thiol linkers toward Au(111) compared to that of 
isocyanide linkers toward Au(111).  These studies were greatly facilitated by 
incorporation of spectroscopic reporter units on the mercaptoazulene framework.  The 
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synthesis of a structurally similar isocyanide with cyano spectroscopic reporters 
facilitated these displacement experiments.  In the future, direct comparisons of the 
charge transport properties of isocyanide and thiol linkers will now be possible by 
understanding how to properly design mixed monolayer experiments such that both 
isocyano- and mercaptoazulene species are on the same Au(111) substrate.  The use of 
mixed monolayer materials will facilitate conductive probe atomic force microscopy 
experiments, affording greater insight into differences in conductivities of isocyano- and 
mercaptoazulenes. 
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Appendix 
Preliminary Synthesis of 1,3-Diisocyanoazulene  
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 While this Thesis is focused on novel materials based on the 2,6-functionalized azulenic 
scaffold, preliminary synthetic studies were also conducted to address the feasibility of accessing 
hitherto unknown 1,3-diisocyanoazulene.  This non-linear aromatic diisocyanide would be 
topologically complementary to the linear 2,6-diisocyanoazulene scaffold from the charge 
transport standpoint.  Indeed, the former linker may be expected to primarily engage its HOMO 
to facilitate charge (hole) transfer between the metal termini, whereas the latter linear bridge has 
already been demonstrated to involve its LUMO in supporting charge (electron) delocalization.3,4  
Changing the connectivity positions of the junction groups on the azulenic framework should 
result in markedly different conductivity profiles of diisocyanoazulene linkers due to altering the 
alignment of the linker’s frontier molecular orbitals with respect to the Fermi level of the metal 
surfaces. 
A1. General procedures and starting materials for the synthesis of 1,3-
Diisocyanoazulene 
 The syntheses of 1-nitroazulene and 1,3-dinitroazulene were performed according to 
Anderson, A.G., Jr., Scotoni, R., Jr., Cowles, E.J., Fritz, C.G., Journal of Organic Chemistry, 
1957, 22, 1193-1196.  Acetic-formic anhydride was prepared as reported elsewhere.1  All other 
reagents were obtained from commercial sources and used as received. 
Unless otherwise specified, all operations were performed in air.  Chloroform was 
distilled over P2O5.  Solution infrared spectra were recorded on a PerkinElmer Spectrum 100 
FTIR spectrometer with samples sealed in 0.1 mm gas-tight NaCl cells.  1H NMR samples were 
analyzed using a Bruker DRX-400 spectrometer.  1H chemical shifts are given with reference to 
internal Me4Si. 
! "#$!
A.1.1 Synthesis of 1,3-diformamidoazulene (1) 
 To a solution of 1,3-dinitroazulene (0.079 g, 0.362 mmol) in 90 mL of toluene, 3 mL of 
in situ generated acetic formic anhydride was added, along with 1.27 g (10.7 mmol) of tin 
powder.  The resulting mixture was then heated at 100 °C for 10 hours with stirring.  
Subsequently, the reaction was quenched by adding 200 mL of H2O and transferred into a 
separatory funnel.  The organic layer was separated and the aqueous layer was extracted with 
CH2Cl2 and ethyl acetate until this aqueous fraction turned nearly colorless.  All organic extracts 
were combined, filtered through a medium porosity frit, washed with 100 mL of 10% K2CO3 , 
and dried with Na2SO4.  The resulting mixture was filtered and the blue filtrate was then rotary 
evaporated to afford a hunter green powder of 1 (0.074 g, 0.345 mmol) in a 95 % crude yield.  
The product was used in the next step without further purification. 
A.1.2 Synthesis of 1,3-diisocyanoazulene (2) 
A solution/slurry of 1 (0.04 g, 0.19 mmol) in 25 mL of distilled CH2Cl2 was treated with neat 
diisopropylethylamine (0.06 mL, 3.5 mmol) via syringe immediately followed by phosphorous 
oxychloride (0.4 mL, 4.37 mmol) at room temperature.  The color of the mixture changed from 
dark green to blue.  After 1 hour of stirring, the reaction mixture turned purple-blue.  The 
reaction was quenched with 10% K2CO3, transferred into a separatory funnel, and the organic 
and aqueous layers were separated.  The aqueous fraction was extracted with 50 mL of CH2Cl2 
twice.  The organic fractions were combined and dried over Na2SO4.  The drying agent was 
filtered off, and all solvent was removed from the filtrate under vacuum to afford compound 2 
(0.015 g, 0.084 mmol) in a 45% yield as a black powder.  FTIR (CH2Cl2): !(C"N) 2118 cm-1.  1H 
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NMR (400 MHz, CDCl3, 25 °C): ! 7.50 (t, 3JHH = 8.0 Hz, 2H, H5,7), 7.73 (s, 1H, H2), 7.90 (t, 3JHH 
= 8.0 Hz, 1H, H6), 8.52 (d, 3JHH = 8.0 Hz, 2H, H4,8).   
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A.2 Results and Discussion 
 
Scheme A.1 – Preliminary synthesis of 1,3-diisocyanoazulene 
The preliminary synthesis of 1,3-diisocyanobiazulene (2), summarized in Scheme A.1, is 
based on the preparation of 1-isocyanoazulene previously reported by the Barybin group.2  The 
author of this Thesis found the most challenging step to be the separation of 1-nitroazulene from 
1,3-dinitroazulene after the second nitration.  The preferred method is column chromatography 
on neural alumina, although even this procedure proved to have limited success at best because 
of very close Rf parameters for 1-nitroazulene and 1,3-dinitroazulene in all solvents tested.  
Soxlet extraction using CHCl3 was also attempted but with little success.  Upon obtaining a 
spectroscopically (1H NMR, IR) pure sample of 1,3-dinitroazulene, the reductive formylation of 
the nitro groups afforded presumed 1,3-diformamidoazulene, which was immediately used in the 
next (dehydration) step without purification.  Of note, attempts to reductively formylate a 
mixture of 1-nitroazulene and 1,3-dinitroazulene with the hope that the formamide products 
would be easier to separate from one another, resulted in poorer outcome with respect to the 
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desired diformamide product formation.  Dehydration of the formamide was performed on an 
NMR scale to afford a crude sample of the diisocyanide  2, the 1H NMR spectrum of which was 
consistent with the presence of a symmetrically 1,2,3-substituted azulene scaffold but featured an 
additional resonance due to contamination with dichloromethane solvent. 
 
 
Figure A.1 -  Comparison of the !C"N values for 1-isocyano-, 1,3-diisocyano-, 1-cyano-, 
and 1,3-dicyano-substituted azulenes. 
Interestingly, the !C"N band for 2 occurs at a higher (ca. 10 cm-1) energy than that for 1-
isocyanoazulene.  A similar trend can be noted for the nitrile stretching frequency documented 
for 1,3-dicyanoazulene versus 1-cyanoazulene.2  In both cases, this can be rationalized by the 
electron-withdrawing effect of the second substituent on the strength of the other C!N bond. 
In order to make the synthesis of 1,3-diisocyanoazulene presented herein practical, the 
step involving isolation of 1,3-dinitroazulene will need to be substantially improved.  Conducting 
the column chromatography of a 1-nitroazulene/1,3-dinitroazulene mixture under simple gravity 
CN NCCN
NC CNNC
!CN = 2108 cm
-1 !CN = 2118 cm
-1
!CN = 2207 cm
-1 !CN = 2221 cm
-1
! "#$!
pressure may improve separation of the two components thereby increasing the yield of isolated 
pure 1,3-dinitroazulene.  Optimization of the protocol (temperature, concentrations, reaction 
time, etc.) for double nitration of azulene to minimize the presence of 1-nitroazulene in the 
nitration product mixture should be attempted as well.  In addition, the dehydration step 
converting diformamide 1 into diisocyanide 2 may benefit from conducting this reaction under 
air-free conditions to avoid product loss due to oxidation of the intermediates in solution.  
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Figure A.2 – 1H NMR spectrum of 2 in CDCl3 at 25 °C.  * Internal SiMe4 resonance. 
** Residual CH2Cl2 solvent that was used in the preparation of (2).  The peak at 7.20 is a 
residual NMR solvent resonance (CHCl3). 
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Figure A.3 – Aromatic region of the 1H NMR spectrum of 2 in CDCl3 at 25 °C. 
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